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Introduction

1.1 BACKGROUND

Complexes of titanium(lV) metal are widely studitt a variety of purposes, but mainly
serving as catalysts in different organic reactiand in medical applications in anti-cancer
therapy? One feature common to most titanium(1V) compleisetheir hydrolytic instability,
due to theird® configuration and thus highly oxophilic nature. ndn ligands for
titanium(lV) include numerous cyclopentadienyl (Cgystems, as well as nitrogen- and

oxygen-based compounds.

The use of titanium in the development of catalygs born with the German chemist, Karl
Ziegler's accidental discovery in 1953 that THi@hd AlEt combined together produced an
extremely active heterogeneous catalyst for thgmpetization of ethylene at atmospheric
pressure. Karl Ziegler and Giulio Natta were batiarded the Nobel Prize in chemistry in
1963 for the discovery of this titanium based getal(now known as the Ziegler-Natta

catalysts) and for its use to produce stereoreguabmers.

Recently, catalysts derived from high oxidationtestéitanium in combination with oxygen-
containing ligands, have become a very importadtdiverse class of catalytic systems. The
development of asymmetric catalysts involving dhitanates is built upon the initial success
of the Sharpless-Katsuki asymmetric epoxidatioralgat® Ti (dialkyl tartrate)}(O'Pr), (1)
followed by other chiral catalysts applied in asyetric alkylation! aldol condensation,

Diels-Alder® and glyoxylate en&and related electrocyclic reactichs.




INTRODUCTION

A very successful series of enantioselective catslypbased on the bent metallocene template
and C-symmetric binaphtholate ligands (BINOL), are wideimployed 2).° Although
BINOL was first synthesised in 193Bjts potential as a ligand for metal-mediated gaial
was first recognised in 1979 by Noyori in the retut of aromatic ketones and aldehydes.
The key to the tremendous catalytic activity airitim(lV) catalysts, is its high Lewis acidity
or electron deficiency (which can be easily tungds@ariations on the electronic properties of
the ligands) coupled with designed coordinativeatungtion (which often obviates the need
for ligand labialisation). Titanium is used extime$y because the catalysts are easily
generated in situ and the starting materials armmnoercially available and relatively

inexpensive.

The second area of titanium research, focusinghenntedical application to anti-cancer
therapy, was initiated after the discovery of tiemour-inhibiting properties of cisplatiB){?
and its routine use as a leading cytostatic drugesil979® This was followed by the
development of new antitumour metal agents inclydion-platinum metal complexés.
Among these, two monomeric titanium(lV) complexesvén qualified for clinical trials:
titanocene dichloride [GFi"Cl;] (4)* and budotitane, [Ti(ba)(OEt)]'® (5), belonging to

the bisf3-diketonato) metal complexes.

H Ph
@ HsC o
HaN;, " "5 Gl L © o;,"“f";\OEt
Pt Ti Ti
/
N7 Gl N 0/‘ o
H3C O
3 4 5
H Ph

The mode of action of the Ti(IV) anticancer compdsitis still poorly understood. A DNA
interchelating mechanism has been proposed, inhwtlie diaqua-complex, formed after
elimination of the two X-ligands, binds to DNAA. Given the oxophilic nature of Ti(IV), it is
possible that the hydrolysed species interact thighphosphate backbone of DNA. A specific
Ti"-protein complex, formed by the binding of'Tio the F&' binding sites of human serum
transferrin, has been characterised, indicatingtarpial relevance to the anticancer activity

of budotitane and titanocen.

Many drawbacks are associated with current carfenapies and many potentially useful

antineoplastic materials suffer from negative sffects which limit or exclude their use in



CHAPTER 1

clinical chemotherapy. Hydrolytic stability andxicity are probably the most important of
these factors. Current chemotherapeutic agentsraele to distinguish between cancer cell
and healthy cell§ therefore, the development of antineoplastic nterwith highly
selective absorption by cancerous cells would leatty advantageous. Also, by developing
antineoplastic compounds with high aqueous solybiéind stability, the body’s own

circulatory system (blood) can be used to distgkibe drug within the patieft.

Since the exact parameters important for understgrahticancer activity are not yet clear, a
group of compounds, modelled on the four-coordineahedrally configurated titanocene
and six-coordinate, octahedrally configurated bitdioe have been prepared for this study.
The systematic modification of these compounds wasformed according to broad
guidelines. Metals are known to possess a rangetofities that can be influenced by ligand
properties, for example, ligands regulate reactmeurring in the coordination sphere of a
metal ion. Studies on sol-gel systems involvingahalkoxides, have shown that the rate of
hydrolysis can be significantly reduced by the gree of bulky or chelating ligands. Hence,
two families ofO,0'-bidentate ligands were selected; the one-electomorp-diketones and
the two-electron donor dihydroxy-aryls. Althoudtetsubsequent compounds have not yet
undergone cytotoxicity studies, important chemipedperties have been characterised. A
better understanding of these attributes may peowidight into antineoplastic properties and
mechanisms. The results of this study are repphtieth for their intrinsic interest and for

their possible relevance to drug design.
Synthesising a compound with anticancer activithiol is able to overcome the present

problems, would indeed be a giant leap forwardhendontinued battle against cancer. | hope

| have made a small step.

1.2 AIMS OF THE STUDY

With this background, the following goals were feetthis study:

1. Syntheses and characterisation of novel (amdvikh complexes containing titanium(1V)

centre coordinated to oxygen donor bidentate ligamdth single §)) and/or double charge
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(L%). These complexes have a four-coordinate, tedrahesphere, of the form [GPi(p)]*
and [CpTi(L)] and a six-coordinate, octahedral spherethefform [Ti(3).Cl;] and [Ti(3)2L].

A series of fluorinate@-diketones was selected.

2. Evaluation of the solution phase properties igocher distribution of the six-coordinate,
octahedrally configurated bps@liketonato) complexes, using variable temperattte'F

NMR and computational studies.

3. Determination of the molecular structure andtispp arrangement of complexes of both
tetrahedral and octahedral geometry, using singlgstal X-ray crystallography and

computational studies. Monomers, dimers and tedrarwere analysed.
4. Assessment of the hydrolytic stability of tlyathesised titanium(lV) complexes.

5. Kinetic studies determining the rate and mersmarfor the:

(a) substitution of monodentate chlorine with bidée biphenol ligands in [Tp{.Cl;]
complexes.

(b) consecutive substitution of the two bidenfatgiketonato ligands with Hacac, anotlifler
diketonato ligand, in [TR).biphen] complexes.

(c) substitution of the bidentate biphenolato ligan [Ti(acac)biphen] with other bidentate
dihydroxy-aryl ligands of different ring sizes.

(d) exchange of-diketonato ligands between [Bifj:biphen] and [Tig?):biphen] complexes.
The reaction kinetics is monitored by meanstfNMR and/or UV/vis spectrophotometric

techniques.

6. Electrochemical characterisation of the ligaadsl synthesised complexes using cyclic
voltammetry. The formal reduction potential®jEas well as the electrochemical and
chemical reversibility/irreversibility will be evadted for the redox active titanium(IV) centre.
The effects of the electron donation/withdrawaltbg substituent groups of tlffediketones
will be highlighted.

7. The holistic evaluation to determine if relaships exist between physical quantities such
as rate constants, reduction potentialsg,-pdlues, group electronegativities, IR stretching

frequencies, NMR data and molecular structure.

4
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Literature Review and
Fundamental Aspects

As this research program describes the preparati@racterisation and properties of oxygen
chelated titanium(1V) complexes of both tetrahedirad octahedral coordination, the literature
of typical titanium(lV) chemistry and associatedalnds is reviewed. Topics related to the
kinetics, electrochemistry and crystallography @calar structure) of the above compounds

are also examined. This review starts with a bniebduction to titanium.

2.1 TITANIUM

Titanium is widely distributed in stars, meteoritesd on earth; the average titanium content
of the earth’s crust is 0.63 % by weight, which ekt the ninth most abundant element in
the earth’s crust, 20 times more abundant tharoocaaind only outranked by oxygen, silicon,
aluminium, iron, magnesium, calcium, sodium andapsiUml. The principal ores are
ilmenite (FeTiQ) and rutile (TiQ) while other minerals are titanomagnetite JB£Ti)],
titanite (CaTiSi@), benitoite [BaTi(SiOo)], warwickite [(Mg,Fe}TiB,Og], osbornite (TiN)
and perovskite (CaTi§). Crystallographic details for all these are know

Titanium was discovered in 1791 by an English aorathemist, William Gregor, who
identified it in a black sand sample (now knowrbtilmenite). Four year later, the famous
German chemist, Klaproth, rediscovered the elerrettie ore rutile, one form of titanium
dioxide. He gave it the name titanium after theaig who in Greek mythology were the sons
of Earth. The element was first obtained pure9aQLby Hunte? via reduction of titanium
tetrachloride with sodium. In 1925, van Arkel aiel Boef obtained a very pure form of the
metal by dissociation of the tetraiodide. Noneghs| the titanium metal industry really dates
from the publication of the Kroll procésin 1940, which involves the reduction of the
tetrachloride with magnesium. Titanium has impotrtendustrial uses because of its rare
combination of properties; low density (less detisn iron), strength (much stronger than
aluminium) and resistance to corrosion (almostaaosion resistant as platinurh).
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Titanium is a member of thed3ransition series, with four valence electrons afettronic
configuration, 8°4s>. The most stable and important oxidation stafBi(%/), achieved with
the loss of all four valence electrons. The eneegpired for the removal of the four valence
electrons of is so high (91.10 eV) that thé’ Tion does not exist as such; titanium(lV)
compounds are, in general, covalent. Compoundsaoium, in less stable oxidation states,
Ti(lll) and Ti(ll), are also well documented, whigxamples of Ti(l), Ti(0), Ti(-1) and Ti(-1)
are limited and unstable to oxidatidnEven though there is a wide range in coordination
numbers and coordination geometries, as seen iexamples listed iTable 2.1 the most
important and prevalent stereo-chemistries in itt@n compounds are four and six

coordinated, with ligands arranged in tetrahedndl actahedral geometries, respectively.

Table 2.1 The three most common oxidation states of titariogether with the corresponding coordination
numbers and principal ligand arrangements (sonvehath are irregular or distorted) of the titanium

1 : . . ) . :
complexes. The most important geometries are shown in b@lded electron configurations are also given.

See list of abbreviations.

Oxidation Coordination Geometry * Examples
State number y P
4 tetrahedral TiCls, Cp2TiCl, [Cp2Ti(acac)]”
v d° - - -
5 trigonal bipyramidal TiCls ", K2Ti2Os
5 square pyramidal TiO(porphyrin)
6 octahedral Ti(acac):Clo, [TiFs]*
7 ZrF* type [Ti(O2)Fs]*
7 pentagonal bipyramidal Ti(Me2dtc)sCl
8 dodecahedral Ti (diars)2Cls
3 planar Ti{N(SiMe3)2}3
T-III dl .
! 4 tetrahedral Cp.Ti(acac)
5 trigonal bipyramidal TiBrs(NMe)s
6 octahedral [Ti(H20)e]*", [TiFs]*, TiCly(THF)s
4 tetrahedral Cp.Ti(CO).
T-II d2 .
! 6 octahedral TiClo-(THE),




CHAPTER 2

2.2 0O,0'-DONOR LIGANDS

2.2.1 Introduction

Ligands can be classified{a) electronically, according to the number of electrons they
contribute to the central metal, i.eone-electron donor, two-electron donor .et¢b)
structurally , according to the number of connections they maitie the central metal, i.e.,
unidentate, bidentate, tridentate etfc) by thetype of atom(s) through which they bond

for example,0,0'-, O,N'-, ONO-donorligands, or(d) by the family of compounds

examples shown iRigure 2.1

o
o) 0
O OH O OH O OH on oH oH
Rl)‘\[/kRz Rl)‘\[/kORz Rlo)J\[/kORz | | | |
3 3 3 1 2 N =
R R R R o~ "R |
Rl

B-diketones B-ketoesters malonates pyrones pyridinones tropolone

Figure 2.1 Different families of one electron, bidentate, ozggdonor ligands.

Bidentate ligands can further be classified acecwydo the size of the chelate ring formed, for
example five-membered, six-memberetic. If the bidentate ligand binds exclusively to one
metal centre, it is termed chelating, as opposeutitiging, where the bidentate ligand binds

to more than one metal centre.

The ligands selected for the current projectadentateO,0'ligands Figure 2.2):

1. one-electron donordorming six-membered chelate rings. The ligap)lié derived from
the neutrap-diketone, abbreviated,

2. two-electron donorsforming five- to eight-membered chelate ringsheTigand (2) is

derived from the neutral dihydroxy-aryl, abbreviatebL.

Note B and L are abbreviations used for the ligands,.denotes the anion offHand L, the
dianion of HL. They are use instead pfand > unlessthe charge on the ligand is being

emphasised. An exception to this rulefisdiketone” where} stands for beta.
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(a) B-diketones (H B)

(b) dihydroxy-aryls (H ,L)

HO OH HO OH HO OH
1,2-dihydroxybenzene 2,2'-dihydroxybiphenyl 2,2'-dihydroxy-methylene-biphenyl

Figure 2.2 structural formulae of bidenta@,0"ligands, (aB-diketones and (b) dihydroxy-aryls, in their
neutral “free ligand” or “base” form

2.2.2 B-diketones

B-diketones, which have been investigated with aityuevery metal and metalloid in the

periodic table, are amongst the most widely stutigahds.

2.2.2.1 Structural aspects

The basic structure of 1,3-diketones, commonly kma@s [3-diketones, consists of thg
diketone backbone with various substituent groufpeched at peripheral position, R as
well as at ther-carbon, R (seeFigure 2.1). However, in this study, only the conventiopal
diketones with a hydrogen in theposition (i.e., no substitution at thecarbon), are
considered. The various combination of substisieRtand R, leads to a large number of
known (3-diketones. Acronyms are used for selected ligaridwincipal interest (see list of

abbreviations).

The electronic properties of tfiediketone can be modified by using side groupsafrd R,
selected in terms of their electron donating ardtebn withdrawing properties expressed in
terms of group electronegativity. Group electraiegfies (gr) refer to the combined
electronegativity of a specific side group, R, sashthe CE group, and not just one atom.
Electronegativity is an empirical value and is egsed on four different scales: the Pauling
(xp); Allerd & Rochow {a+r); Allen (xsped and Gordy c) scales.
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Symmetry  p-diketones, REOCH,COR can be classified in terms of symmetry of the R-
groups. Identical substituent groups,=RR? yield symmetrig3-diketones (e.g., Hacac, Hdbm
and Hhfaa where substituent groups ares;CPh and Ck respectively) while unlike
substituent groups,’® R?, yield asymmetrig3-diketones, (e.g. Hba where substituent groups
are CH and Ph). This attribute plays an important roléerms of the number of possible
isomers that can form in the chelated species,cedpein octahedral geometry, see for

exampleFigure 2.7 andFigure 2.8

Keto-enol tautomerism B-diketones (I) enolise tais-enols in a slow keto-enol

tautomerism and in addition the latter exists as fast interchanging enolic isomett)(and

(.2

H H_ H
0 0 slow O'/ \O fast O/ 0 con
I = i =10 |=
R! RZ° RN Spe RN R2 RY
I I i
keto enol

Figure 2.3 The keto-enol tautomeric processBediiketones showing intramolecular hydrogen bonding
pseudo-aromatic character of the enol form.

Proton transfer and hydrogen bonding are two ingmdrtbbehavioural aspects regarding
structure and reactivity of simple and complex comms’ 1,3-Diketones exhibit both
features in the keto-enol tautomeric process, comdi a slow proton transfer with
intramolecular hydrogen bonding to form the stabili enol form® (Figure 2.3 The
synergistic interplay of resonance and hydrogerdiformation, stabilising the enol form of
the B-diketone, is called resonance assisted hydrogedibg, (RAHB). Calculations show
that the energy of the intramolecular bonding ia émol form is large, i.e., 50 - 100 kJ mbl

(compared to the water-water hydrogen bond of ~2thal*).°

Many techniques (bromine titratidf HPLC M polarographic measurements and*iRjv*3
and NMR*'® spectroscopy) have been used to study the ketotamtomerism. An
important feature is the ability to study the ketwsl equilibrium without affecting the
position of the equilibrium itsefft The equilibrium constant for keto-enol equilibriuK. in
Figure 2.3 is dependent on the nature of the soltfeand substituent groups (electronic and
steric effects}’ This is supported by theoretical calculations Mgon and Kwort? In

solution the enolic form is generally favoured bgnfpolar solvents (it has a strong

11
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tendency for intramolecular hydrogen bonding) aoder temperature®:>* while protic
solvents promote the keto-fornasia hydrogen bonding to the solvent. Both electron
withdrawing and aromatic subtituents favour thel éamatomer in solution, i.e., the €group,
attracts electron density from the enolic ring bguction and the aromatic subsituent donates

electron density to the enolic ring by resonatc®.

The rate of the keto-enol conversion has been sixtely studied? NMR studies are very
successful in evaluating the rate of keto-enol eosion, since separate NMR signals for the
protons due to the enol and keto forms are obseamddhe relative ratio of the two forms can
be determined by intensity measurements (integradiopeak areas). The rate of the keto-
enol interconversion is usually slow, with largeamts of enol tautomer at equilibrium.
Conversion from one enol form to another, howeigevery fast (rate constart1(f s and
cannot be observed directly by NMR. The NMR spectrum of the enolic tautomer is a
weighted average of the two forms, therefore thelienforms of both symmetric and

unsymmetrig3-diketones, give only one resonance for each typicdei.

Two driving forces, electronic and resonance dgviorces, controlling the conversion of the
keto form into the preferred enol isomer, was paséd by du Plessist al?* The electronic
driving force is controlled by the electronegafjviif the R and R substituents on thg-

diketone:

0] @ (mn

When the electronegativity of'Rs greater than that of°Rthe carbon atom of the carbonyl
group adjacent to Fon thep-diketone,(a), will be less positive in character than the carbo
atom of the other carbonyl, implying that the efiplwill dominate. Alternatively, when the
electronegativity of Ris greater than that of'Renol(ll) dominates. However, it has been
shown that the electronic driving force is not ty factor determining the dominant enol
isomer. When either 'Ror R is an aromatic group, such as phenyl or ferroceting
resonance driving force leading to the formatiordififerent canonical forms of the specific
enol isomer lowers the energy of this isomer endogiilow it to dominate over the existence

of other isomers, which may be favoured by eledtréorce?*%°

12
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B-diketones are powerful chelating species and afaetpr to the enhance reactivity, is the
dominance of the more reactive enol form. Thetreé@g order generally appears to be keto <
enol < enolate ioR? Consequently, in man§-diketones reactions, the reaction proceeds
without the use of a base or hydrogen acceptoris f@search project focuses primarily on
CF; (and secondly on phenyl) containifgliketones, which generally have an enolic content
> 0.99 and 0.92 respectively, compared to, for examfhe enol content of Hdfcm
(FcCOCHCOFc) of 0.67°

Solid state structure In solution and in the vapour phafediketones exist as an
equilibrium mixture of keto and enol tautomers, hin the solid state, the enol is the
predominantly observed form. There are two extrdorens of intramolecular bonding,
symmetric and asymmetric. In symmetric enolisgtibe ring hydrogen is equally bound to
the two oxygens, while in asymmetric enolisatidre hydrogen is bound much more tightly
to one oxygen atom than to another. This is gfealsberved in the crystal structures, since in
symmetric enolisation, the CO and CC bonds in thelie ring are similar, while in

asymmetric enolisation, these bonds have moreesengli double bond character.

(a) Symmetric hydrogen bonding

HaC

Hdbrbm

(b) Asymmetric hydrogen bonding

oH © OH © OH O OH 0O
Loy 2 S N S M M
~ AN
o Q W \J e oHy Fic” e
Hdbm Hdth Hacac Hhfaa
OH O oH O

OH (0]
(AN e OGN
Hten Hthba Htfth
OH (o] OH (o] OH (0]
ch)\)%@ FSC)\)KC@ %

Hfca e Hfctfa e Hbfem Fe

= ==

Figure 2.4 p-diketones wit{a) symmetric hydrogen bondsHdbm3’ Hdbrbm?’ Hb&® and(b) asym-
metric hydrogen bonds Hdbm?® Hdtm?® Hacac®® Hhfaa>! Hten?? Hthba®® Htfth,3* Hfca ®® Hfctfa,*® Hbfcm 2°
determined from x-ray crystal structures. Selettend lengths (A) for Hdbm are shown to illustrtte
difference between class (a) and clas${tjketones.

13



LITERATURE REVIEW

Both symmetric and asymmetric hydrogen bonds haem lmbserved in symmetric (identical

substituents) and in asymmetric (different substityp-diketones. Representative examples
of these are shown iRigure 2.4 The fine balance between symmetric and asymmetri
hydrogen bonding is indicated by the occurrenceaih these forms in two polymorphs of

the same compound Hdb?

39

Bonding modes B-diketones can bond to a central metal throughorygen, carbon or

olefin group as shown below.

(@ (b) (0 (d) (e)
L Obonded —— | C-bonded Olefin-bonded

O-Bonding: The usual and most common mode of bonding oBttiketone is as the enolate
(or B-ketoenolate anion), ROCHCOR] forming a bidentate ligand. A metal cation
replaces the enolic hydrogen of the ligand andablstsix-membered chelate rirfg) is
produced. Since the enolate ion carries a singimtive charge, metal atoms can react with
one or more enolate ions to give either neutratlmrged compounds, depending on the
coordination number and valency of the central iretam. It can also act as a monodentate
ligand, where thef-diketone moeity binds to the central metal atomoufh only one
carbonyl groug(b).>® This bonding mode is very rare because of therative extraordinary
stability of the six-membered chelate ring formed these ligands with metals. Tife
diketone in its neutral keto form, can serve agyandd where both carbonyl groups act as
donor atomgc), but again this is very rare.

C-Bonding The ligand moiety bonds to the metal through @atom and the carbonyl
groups do not appear to participate in the bondidg Carbon-bonded-diketonate
complexes are well known and the metal-carbon limagite stable in these complexes.
Olefin-bonding The neutral ligand moiety bonds to the metabdigh the C=C, double bond

(e). Although no X-ray crystallographic evidence has lyeen established for the existence of
metal-olefin bonds in metgl-diketonates, infrared and n.m.r spectra of thesevakives are

consistent with this structurg.
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2.2.2.2 Synthesis

Syntheses of-diketones have been reviewed in défaind the most common method is by
the Claisen-condensation reaction. In this reacte ketongfA], which possesses an
hydrogen, reacts with a suitable acylation rea@ester, acid anhydride, acid chloridB}, in
the presence of an appropriate base, to enhanceeldévely low reactivity of the ester
carbonyl groug® The process involves a carbon-carbon bond foonathrough the

replacement of the-hydrogen atom of the ketone by an acyl group.

O O Base
-HX
)J\ + )1\
RY CH,Ha X R?
ester, X=0R
ketone acid anhydride, X =0CO B-diketone

acid chloride, X = OCI

[Al [B]

Mechanism  The reversible, three-step ionic mechanf8mepicted inScheme 2.1shows
the formation of thef-diketone anion, followed by acidification to yielthe neutralp-
diketone. For this illustration the base, lithiwisopropylamide (LDA), and an ester,
R’COOEt, are used.

0 0
o
o o o8 e — Mo e v
RY “CHj RY" “CH, Li \
(Al H
o) I(_a o)
(“) e : + —_—
RY CH EtO R?

()

(v)

Scheme 2.1 The three-step ionic mechanism, (1) - (Ill), shogvihe formation of-diketone anion by the
acylation of a ketone '®OCH, with an ester REOOEt using lithium diisopropylamide (LDA) as a basThe
acidification (1V) of the anion yields the finftdiketone product
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The first step(l) involves the removal of an-hydrogen on the ketone, to form a ketone
anion, which is a hybrid of the resonance strustRECO(C)H, and RC(O)=CH,. The
addition of the ketone anion to the carbonyl carbbithe este(ll) is accompanied by the
release of ethoxide ion to form tifediketone. The final steflll) is the removal of a
methine hydrogen on thg-diketone forming theB-diketone anion, which is a resonance
hybrid of structures ®EO(C)HCOR?, R'C(O)=CHCOR and RCOCH=C(O)R?. The three
steps are reversible, but in practice, the symhean be forced to completion by either
removing the ethanol from the reaction mixfdrer by precipitating the-diketone salt
(anionic form of the3-diketone). The neutrg-diketone is obtained after the acidification of
the B-diketone anior{lV).

Factors influencing the synthesis Properties othe starting ketone, acylation reagent
and the base, influence the synthesis of fkdiketone. The pKof the starting ketone,
determines the ease with which tindydrogen is removed by the base. In general theemo
electron donating the substituent R group, thengeo the base should be to remove dhe
hydrogen. For example, the rate of acylation d&detone with a specific ester and base is
proportional to the substituent groups accordinthéofollowing series

(fastest) CH> CH,R' > CHR" (slowesty
The strength of the acylation reagent is as follows

(strongest) acid chloride > acid anhydride > esteakest}®

The most frequently used bases, arranged from #wkest to the strongest, are, NaOH,
alkyloxides (R-OM, M = alkali-metal), hydrides, alkmetals and simple amides (MNHM =
alkali-metals). Sterically hindered base, sucHithsum-diisopropylamide (LDA), are also
popular. Stoichiometric amounts of base shoulddes if sodium alkoxides are used, seeing
that half of the alkoxide is generated in the secpart of the reaction. For sodium, sodium
amide or sodium hydride, however, a ratio of ketaa®ylation reagentbase of 11:2 yields

better resulté?
Many by-products can form by competing reaction aaodsequently, reducing the yield of

the B-diketone. Purification of thp-diketone by column chromatography or other methisds

thus normally necessary. A few examples of sidetrens are:
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(a) Self condensation of the ketone (Aldol readtf@rto form ana,B-unsaturated ketone or

more complex condensation products.

o) 0 0 o & o O OH g O  CHs
)J\ o )J\ edj\ M\ : M\ B M
2 R~ °CHy R~ CH, Hi¢” "R R R R R R R
CHs CHs

(b) B-keto-ester formation, especially if the ketone ehhias to acylate, is unreactitve.

0 @) l\ég:l
2 )J\ + NaOEt -2 EtoH © OC,Hs
R OC,Hs R
o)

(c) When the alkyl group is exchanged with the lakide group of the ester, the reactivity of
the newly formed ester can be lowered to a poirgremo acylation of the ketone occtfts.
o]

o]
)k + NaOR? —— )J\ + NaOR!

R OR! R OR?
(d) Conversion of the ester to an amide, when usimgamide as the base, termingtes
diketone formatiorf’ However, use of the sterically hindered base, |I2#gely eliminates

this side reactioff
0

o)
+ NaNH, — )J\ + NaOR?!
R OR! R NH;

2.2.2.3 Fluorinated B-diketones

The introduction of fluorine substituents onpadiketone produces large changes in the
properties of the resulting-diketone compared to the non-fluorinated analoglie§he
presence of fluorine atoms is known to reduce mtdecular interactions (van der Waals
forces and hydrogen bonding) and therefore fludeit-diketones are highly volatile. In
particular the combination of bulky linear side ictsaand high fluorine content lead to high
voIatiIity.49 As a consequence, special care has to be extrdisgng the synthesis and
subsequent isolation of the fluorinatpeliketones which are easily lost by co-evaporation
with the solvent. Fluorinated ligands have a sematlomplexation power, however, once
chelated, the presence of the fluorine substituergate a protective, repulsive shell around

the metal centr&®
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Substitution of fluorine for hydrogen prdiketones results in a marked increase in theitgicid
of the methylene hydrogen, due to the strong edaetrithdrawing effect of the fluorine. For
example, the pKof Hacac, Htfaa and Hhfaa (GBIOCH,COCH;, CH;COCH,COCF; and
CRCOCH,COCR;) with the consecutive replacement of £kith a Ck group, are 8.9, 6.7
and 4.6 respectively.

Fluorine substituents shift the enol-keto tautomequilibrium in favour of the enol isomer
and'H NMR based evidence shows tifadiketones with more than four fluorine atoms exist
exclusively as the enol isomer. However, two reslde exceptions, 1,1,1,5,5,5-hexafluoro-
3-(trifluoromethyl)pentane-2,4-diofteand 1,1,1,2,2,7,7,7-octafluoro-heptane-3,5-dfSrae
reported to exist as a mixture of enol and ketenfr For the latter compound, the keto-enol
equilibrium was displaced in favour of the enolnfigrwith 70 % enol. The occurance of the

keto form for these two diketones is difficult tepéain>°

Park et al®? investigated the enolic content of eight fluorgwp-diketones and found the
percentage enol to be over 90% compared to ~80%ldcac. An explanation for the very
high enolic content was in terms of increased muotecular hydrogen bonding in fluof-
diketones compared to the non-fluorinated analagdé® stability of the enol form depends,
in part, on hydrogen bonding between the enolicdwyl group and a carbonyl group. The
two possible stereoisomers of the enol tautomersyim and theanti form,>® are shown in
Figure 2.5 In the case of fluorinatetdiketones, in thesynisomer, hydrogen bonding can
occur not only with the carbonyl oxygéa) but also with the fluorine atom of the £§roup
(b). In theanti-isomer, although hydrogen bonding between theie@ hydrogen and the

carbonyl group is not possible, O-HF bonding can occur and would tend to stabilize thi

H.. H
o ? e o T\O H
X F'\ N E —
FsC CH C CH AN
s )\/k 3 F, 3 'C:: CHj
H H 2 1o
@ syn (b)

anti

isomer.

Figure 2.5 The two stereoisomers of the enol tautomer of ariitatedp-diketone (Htfaa), the syn and anti
conformations, showing the hydrogen bonding with¢arbonyl oxygersyn(a) and with a fluorine atorsyn
(b) andanti.
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Fluorop-diketones react with water and even with minor ante Hhfaa forms gem diot*

which has been isolated in the solid sfate. OH OH

FsC CF
** on on °®

Htfth and Htfaa also form hydrated speci€&xheme 2.Xhows the equilibrium for Htfth, in
which the principal species in aqueous solutiothéshydrated forml() while in dry organic
solvents, it is the enoll(). The equilibrium is shifted to 94.5% enol in drgnzene and only
1.6% enol in aqueous solutidh. Stabilization of the hydrate is due both to thersy
inductive effect of the fluorine atoms (producingasitive carbon which is capable of adding
a hydroxyl ion) and to possible formation of a sgdydrogen bond between the oxygen and
the fluorine on adjacent carbon atoms. Since hirds not possible in dry benzene, the
principal species present is the enbdl ), stabilized by intramolecular hydrogen bonding
either of the O-H-O or O-H-F type (also d&gure 2.5).

o o N

o o
F3C S \ | S
L/ Y
I keto Il enol
+H,0 HO/
- +
H20 OH O z
fast slow
S
F3C

Il hydrate species

Scheme 2.2 The keto-enol-hydrate equilibrium of Htfth.

The synthetic procedures for the fluorine-contagnfadiketones essentially parallel those
employed for the nonfluorinated compounds with s@wperimental variation. The most
common synthetic route consists of methoxide-preaatcylation of the appropriate ketone
with fluorinated esters. The yields are generagbod because fluorinated esters have
electrophilic carbonyl moieties that are highly at&e in Claisen condensations.
Alternatively, due to lack of reactivity or even cdenposition of the reactants, the
condensation of alkyl perfluoroalkyl ketones withnfiluorinated esters is used. Yields of the
B-diketones using the Claisen condensation reacienoptimal when the ketonic reactant
possesses a methyl group (since increasing submstitat the alpha position in the starting

ketone results in reduced yields due to the inoarsif cleavage reaction%. Fluorog-
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diketones were synthesised extensively in the X5hd 1960’s, however, reported
experimental detail pertaining to the synthesistrefse-diketones is often inaccurate or

irreproducablé®

2.2.3 Dihydroxy-aryls

The second class of ligands for the current prpjsccomposed of dihydroxy-aryls, i.e.,
compounds containing aromatic ring structures gfdnols and (di)naphthols), with two
hydroxyl groups attached at fixed ring positionsy@ating a series of bidentate diolato
ligands. The exact arrangement of the hydroxy gsdie.g., 1,2-arrangement in catechol) in

the ligands is essential for the chelation of tharld to a metal.

There are many variations in this broad “classitmafiecules, but the ligands of interest have
been selected in terms of (a) size of the chelaiimg, i.e., I°, L” and L, forming five-,
seven- and eight-membered rings, respectively (Bndegree of aromaticity, defined by the
number of rings, either one {t) or two-fused rings (). The stability of the chelated
ligand (due angular strain of formation of the B-and 8-membered rings) can be evaluated
in the series. The ligands are: 1,2-dihydroxybeezéthcat, HL>Y), 2,3-dihydroxy-
naphthalene (khaph, HL®?), 2,2'-dihydroxybiphenyl (bbiphen, HL"Y, 2,2'-dihydroxy-
binaphthyl (Hbinaph, HL"?, 2,2"-dihydroxy-methylene-biphenyl grbiphen, HL®%) and
2,2'-dihydroxy-methylene-binaphthyl gebinaph, HL®?).

The HL ligands can be deprotonated by treatment witasepsuch as NRKOH or NaNH.

In the anodic form the most observed coordinatiasdenis theO,O-chelating bidendate
form. The driving force of the reaction of thesmndr ligands with titanium(lV), is based on
the electrophilic character of titanium(lV) and thecleophilicity of oxygen in these ligands.
Several of these dihydroxy-aryls have been use@p@ddently in various studies with
titanium(1V).>®
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2.3 0O,0'- CHELATED TITANIUM COMPLEXES

2.3.1 Tetrahedral Complexes

2.3.1.1 Introduction

The type of tetrahedral Ti(IV) complexes discussedhis study, falls into the metallocene
class of compounds, which in organometallic chemyis$é a compound consisting of a metal
covalently bonded to a cyclopentadienyl (Cp) riygelbectrons moving in orbitals extending
above and below the plane of the ring,CsHs — M. The haptor() nomenclature system is
used to describe this type structure, where pentahaptg, indicates that all five carbon
atoms are involved in the bonding. (Then® is often excluded from the notation).
Metallocenes exist in different structural formaso (a) parallel sandwich complexes, i.e.,
dicyclopentadienyl-metals with the general formu@sHs).M, (1) (b) bent sandwich
complexes, i.e., dicyclopentadienyl-metal halid€sHs):MX 1.5, (1) and (c) half-sandwich
complexes, i.e., monocyclopentadienyl-metal compsufGHs)MR1.3, (Il ) where R = CO,

NO, halide group, alkyl group, etc.
@ R
W \M"‘“\\\X O—M/—R
. \
= R
| I [
The first two types are known as molecular sandegdbecause the two cyclopentadiene rings
lie above and below the plane on which the metanais situated. Group 4 metallocenes,
e.g., titanocene dichloride, form bent-sandwicludtires, binding to two single donating

ligands. When the central metal atom is in a stabidation state, the metallocene does not

decompose by high temperature, air, water, dilotgssor bases.

Bonding models forrf-CsHs)Ti(IV) compounds according to Ballhausen and Bahhd
Allcock® are shown irFigure 2.6 The bond between thg>CsHs) group and a metal,
involves six electrons and it occupies three cawatibn sites on the metal. Of the nine hybrid
metal orbitals, six are directed towards the twoliGands, and the remaining three orbitals,

directed away from the Cp ligands, are used toéooesibonding electrons or to bond to other

21



LITERATURE REVIEW

ligands(a). This leaves an unpaired central orbital, whiah act as a Lewis acid. However,
it was found that in some @@X, compounds, the X-M-X angle was two small to
accommodate the lone pair of electrons, and thuga# proposed by Alcock that the one
orbital lay along the Y-axis, symmetrically arradgen either side of the metéb). In
Cp:MX;, compounds, the X-M-X angle is known as the bitglamnd the X-X distance, the
bite distancerigure 2.6(c) For titanocene dichloride, €fCl,, the bite angleo) and bite
distance are 94.60° and 3.475 A respecti%elyThe cyclopentadienyl ligands can rotate
freely; two conformations often encountered arestiaggered and eclipsed conformation.
CY (b) (©)

Z y4
o = bite angle
ﬁ A" 9 A
N Q. \ e X---X = bite distance
—lgn@ " —ESS T%%X : SMQX ,
Y

Y

Figure 2.6 Bonding models for GfTi compounds according {@) Ballhausen and Datlland(b) Alcock ®°
(c) The bite angle and bite distance are shown fgM3p complexes.

2.3.1.2 The chemistry of titanocene dichloride

Titanocene dichloride, a tetrahedral bent metallec@ossesses a unique chemical structure
where substituents or replacements at three diffesges can be used to tailor diverse

physical, chemical and biological properties.

L o
While still maintaining a tetrahedral structuree ttentral metal atomAj can be varied using
the metal ions Ti, Zr, Hf, V, Nb, Ta, Mo and W. s substituents can be introduced into
the cyclopentadienyl ringB( prior to forming the metallocene dihalide andfatént ligands
can replace the two Tbns coordinated to the central metal at@j. (It is an ideal starting
material for ligand exchange and redox reactiortmbse the chloride ligands on the central

metal atom can be exchanged for a wide range aftlg. Many well-documented reviéfs

on the chemistry of titanocenes are available.
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Aqueous chemistry In aqueous media titanocene dichloride hydroRsascording to
Scheme 2.3 Mark$* investigated the ease with which th&clopentadienyl and chloride
ligands undergo hydrolytic displacement. It wasro that the stability of the Ti{-CsHs)
bond is pH dependant; it is stable over a periodlafs in low-pH solutions, while near
neutral pH, cyclopentadienyl protonolysis occul$ie kinetics for the chloride hydrolysis in
pure water (or 0.32 M KN§), revealed that the half-life for the displacemenhthe first Cl
by water was too fast to measure and that for #u®red chloride displacement, £ ~50

min.%*

@ + r 2+

e @ <OH, @ «OH,

\ N ko \ e \ o
—_— Ti

r O+
@\ WOH @\ WOH Q WOH

OH

A N AN

N, g \ ..“\“\\\\\\O,,,%-
/Ti "Ti\ —_ /Ti Ti
Q \CI c/@ @ \O/

Scheme 2.3 Hydrolysis of titanocene dichloride.

2.3.1.3 Bis(cyclopentadienyl) titanium(lV) cationi ¢ complexes

The synthesis of Gpi(O,0'-ligand) cationic complexes, is usually bésen an anion
metathesis reaction, which is driven by precipotatiof one of the products. Doyle and
Tobiag® prepared CfTi(p-diketonato) and Gfi(tropolonato) cationic complexesga this
procedure, shown iScheme 2.4 Titanocene dichloride, dissolved in anhydrous-Tias
converted to the perchlorate complex,,T0fClO,),, with the addition of AgCIQ The
precipitated AgCl was removed and from the solor@nge crystalline Gi(ClO4), was
isolated at -80°. Gfi(ClO4), was aquated generating L' (ag), ionic and some
polynuclear species. The addition of fheiketone or tropolone, yielded the final product,
the cationic [CpTi(O,0-ligand)[ complexes with CIQ as the counter-ion.
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80 orange crystals

@\ WGl THF

T| an hydrous

Q/ AgCIO,

+ 2AgCl *
ClO,

@\
X

“ aquation

_ .-
@ * clo, @ Clo,
\ WOH - _—

0,0-ligand / THF

Ti _— Ti
@/ \OHz 1-5days %/ \O

and other aquated species

Scheme 2.4 Synthesis of the dicyclopentadienyl titanium(IV)gldorate salts. The bidentate O,0'-ligands
used werég-diketones (Hacac, Hba, Hdpm) and tropolone.

This synthetic method was adjusted depending orsthebility of the incoming bidentate

0,0-ligand, which were water soluble Hacac and wiaisoluble p-diketones (Hba, Hdbm

and Hbpm) and tropolone. In the case of the wstduble ligand, the whole reaction was
performed in water and the perchlorate complex masSsolated prior to the addition of the
B-diketone.

Infrared and NMR spectra indicated that the ligendhelating and the [Gpi(O,0-ligand)]
complex undoubtedly possesses a wedge-like sandirietture with tetrahedral coordination
about the titanium centre, similar to that found filanocene dichlorid®® Doyle and
Tobiag® were unsuccessful in their attempt to force tredyclopentadienyl)-titanium(IV)
moiety into a six-coordinate titanium sandwich stawe with parallel rings, by using very
high concentrations of the chelating ligand.

Bondet al.®’
of CpTi" (0,0-ligand), as shown iScheme 2.5

prepared cationic [Gi(O,O-ligand)]" complexesvia the chemical oxidation

- ® S . -
@ THF = @ cl Q o Q o
—_ (‘:0 anhydrous ‘ \ 0,0-ligand L Fc'PFg WO
TI\
X

Scheme 2.5 Synthesis of [CgTi'"VB]* complexes via the chemical oxidation of,Ti§'. The bidentate 0,0
ligands werd-diketones (Hacac, Hba), 2-acetylphenole and 3yhctebenzyI-2-hydroxy-5-methoxy-indof3e7.

i R i
—

@/\a - é Q/\C' oo %\O
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First the reduction of Gfi"Cl, by coboltocene, GEo, in THF vyields
[Cp.Co]'[Cp.Ti"Cl,]". The anion, [CgTi" Cl,]", reacts immediately at ambient temperatures
with oxygen donor bidentate ligands andgNEtto form the paramagnetic titanocene(lll)
species, Cfi" (0,0-ligand). It is readily extracted from hexaneeafthe removal of THF.
Finally the oxidation with ferricinium hexafluoropsphate, F®PF;, generates the cationic
titanium(IV) species, [Cfi"(0,0-ligand)['PR~ with O,0-ligand = p-diketones (Hacac,
Hba), 2-acetylphenole and 3-acetyl-1-benzyl-2-hygsb-methoxy-indole.

The B-keto ester analogue, [€Fi(CHsCOCHCO(OCH))]CIO,, has also been prepar&d?®
The complex possesses the same wedge-like sandtuitture with tetrahedral coordination,
but Doyle and Tobi&8 suggested, based on infrared spectra, thap#eto ester chelated
through one keto oxygen and one “ether” type oxya@m as inl(.

CHg
o}
)
je
CoHs o) OC,Hs

| 1]
Later studies done by White(also based on IR data), however, showed thatighed is
bonded in the classical coordination motlg, (chelating through two keto oxygens. The IR
spectra of the compound revealed only bands claisiit of coordination modél() with no
bands in the 1600-1700 crmegion, characteristic of C=O bonding. It wasgesjed that the
materials prepared previously by Doyle and Tobiay mave been a mixture containing some

partially hydrolysed compound.

2.3.1.4 Bis(cyclopentadienyl) titanium(lV) neutral complexes

This class of complexes is produced by replacemwiethte labile halides of GpiCl, with one

dianionic (or two monoanionic) oxygen-donor ligands

d .. d 0 7
\ WOR \\\O:O \\\o \\\0
@ ” @‘ T xS
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There are many known derivatives of tyhe A series of bis(phenoxy) and bis(alkoxy)
complexes were prepared by Anfraand Joneset al™ by treating CpTiCl, with
monodentate phenols and alcohols respectivelyhénptesence of a base (tertiary amine or
sodamide, NaNp). Bidentate phenols, 1,2-dihydroxybenzene andd@droxybiphenyl,
reacted similarly forming cyclic compountis® andlll ”°, with 5- and 7-membered chelate
rings respectively. 1,8-Dihydroxynaphthalene dad form the analogous 6-membered ring.
When the reaction conditions were changed, usingN HEbstead of the stronger base,
sodamide (NaNh), the bidentate, 1,8-dihydroxynaphthalene, coaidid in a monodentate

.
O- EtgNH

mannef®, i.e.,

“

gi\
Doyle and Tobia® synthesisedV via the metathesis reaction used for the preparafidheo
cationic [CpTip]'CIO; analogues; first converting squaric acid (1,2-diloxy-
cyclobutenedione) to the dipotassium salt with K&l then reacting it with Gpi(ClO,)s.
The aqueous-phase synthesis/éf and other similar complexes were successfully amegh

by briefly treating an aqueous solution of,Ti€l, with a series of acids (as ligands), in the

el
Q

O~ EtsNH

presence of an alkali carbonate as base.

The reaction of CfICl, in acetonitrile, CHCN, with oxygen donor ligands,e., linear
alcohols (ROH), glycols (k5), p-diketones (i8), and a base, was found to be distinctly
different relative to the reaction in other orgasatvents, i.e., a Cp group and then a chlorine
atom were substituted instead of the usual haégacement. BharafdNesmeyanov et 4

and Newton and Frazé&tusing EsN/CHsCN, found the following,

~ 1ROH RT | CpTiCl,(OR)
excess .
- ROH __RT __  CpTiCIOR),
C TCl excess )
P2lI% + - ROH  _Refux _ TjOR),
- H,G RT CpTIiCI(G)
L 2HB Reflux _ cpTici(p),
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2.3.2 Octahedral Complexes

2.3.2.1 Bis- B-diketonato Ti(IV) complexes

The bisp-diketonato) metal complexes, F)j¢X2, where the monodentate X ligand is a
halide’® pseudohalidé or alkoxide® are synthesised from the corresponding metal
tetrahalides, TiG| or tetraalkoxides, Ti(OR)and the diketonates in an anhydrous organic
solvent, according t8&cheme 2.6

- 2HCI
R2 N, / Heat

Scheme 2.6 General synthesis of Bi[X, complexes where X = halide or OR.

The compounds synthesised this way are six-coamtinaith quasi-octahedral configuration
existing in different isomeric forms. The number pdssible isomers depends on the
symmetry of thef-diketone. For a symmetricap-diketone ligand (identical substituents),

there are two possible isomers, @i®eand ondransisomer.

a
Ho -
PR o o
o—] Cl o—|-—o
"""""""" T-I/‘ ----/----]"1'
0] Cl — i
br 5 0—0
Vo
H r4
cis (Cp) trans (Dyp,)
lringH, 2R 1ring H, 1R

Figure 2.7 The two isomeric forms of octahedral @}{Cl,with a symmetri—diketonato ligand. The two
R environments are non-equivalei @nd’R) in thecis-isomer and equivalentR) in thetransisomer. The
point group and the number # NMR signals are shown below each isomer

For an asymmetrig-diketone ligand (different substituents’ R R?) there are five possible
isomers, threeis and twotransisomers. To distinguish between the isomersighimers are

named with reference to three prefixes which sgduit the relative position of the labile CI,
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followed by the relative orientation of the' Rnd R groups of thep-diketone ligand

respectively.
R! Cl ",’ Rl
o%’—o
ay / Ti / HY
(¢} "'| o
2 .
a R? R2 Rl R K R2
H C‘H GH Cl
trans-cis-cis (C,,)
2 2v.
R 0 R 0 R 0 1ring H, 1R, 1 R2
o—|—<:| O—|—CI o—]
Ti /s Ti--ofoee ‘- AR { SEPAEE 0- “,
RZ‘SO_?IO_CI R‘_SO_?gCI R O—;—CI
b R H R qH R! ‘{7 Ti /
cis-cis-cis (Cq) cis-cis-trans (Cp) cis-trans-cis (Cy)
2ring H 1lringH lring H
2 RY 2R? 1RY 1R? 1R 1R?

trans- trans trans (Cpp)
lring H, 1R, 1 R?

Figure 2.8 The five isomeric forms of octahedral f)4{Cl, with asymmetrig3—diketonato ligands, (Rt R?).
The two ring H are equivalent in all isomers exdaptic-cis-cis(®*H and®H). The point group and the number
of 'H NMR signals are shown below each isomer.

From the symmetry of these isomeric configuratiehe,NMR signals can be predicted.

(a) If no symmetry element is present, as in thse ad thecis-cis-cisisomer (point group -

all thep-diketonato positions (RR? and ring H) are nonequivalent and the NMR gives to
two ring H, two R and two R resonances.

(b) If one twofold axis of symmetry is present,iaghe case of theis-cis-trans (C,), cis-
trans-cis (Cy), trans-cis-cis (Cy) andtrans-trans-trans (Czn) isomers: a single resonance
for each of the three (H,'Rind R) groups on th@-diketone ligand, is given. Thas isomer
(with a symmetricap-diketonate ligand), yields a single ring H and tma@n-equivalent R
resonances.

(c) If three twofold rotation axes are present,imsthe case of thdrans isomer (with
symmetricalp-diketonate ligand, point group,P a single resonance for both of the ring H

and the equivalent R groups is given.

Solution phase properties Octahedral bigtdiketonato) titanium(lV) complex have
been studied extensively and based on variabledgstyre NMR data, it has been shown that
all the dihalo- and dialkoxy-big{diketonato)-titanium compounds, [)¢X, with X = F, Cl,

Br, OR, exist in solution exclusively as thi geometrical configuratioff: ® The diiodo

complex, Ti(acag), is the only titanium complex which shows evidermfethe trans

28



CHAPTER 2

configuration, being present in DCM as an equilibrimixture of rapidly isomerisingis and

trans isomers.’ In fact, all group (IV) metal dichlorobig{diketonato) complexes,
M"Y (B)-Cl, with the exception of germanium(IV), have beesigreedcis configurations. For
Ge):Cl,° a slowtrans-cisequilibrium was observed; where initially, thersaisomer in a
fresh solution converted (over a few hours), tecigtrans isomeric mixture in the aged

sample.

Ti(B)X2, compounds are stereochemically nonrigid, undergomapid rearrangement
processes interchanging the substituent side graafpghe p-diketonato ligandsvia
intramolecular twist mechanisms. Substantial ewé¥ has been cited in support of a twist
mechanismi(e., twisting of an octahedral face to give a triggpigsmatic transition state) as
opposed to a bond-rupture process (i.e., raptuenefmetal-diketonate bond to give a five-
coordinate intermediate). The identification oé this-isomers and the stereochemical non-
rigidity of the Ti(3).X, complex in solution have been established by b&itemperature
NMR (seeFigure 2.9. At ambient temperature, NMR spectra show omlg set of relatively
sharp resonances. With decreasing temperaturepeh&s first broaden and then fine
structure appears. The line broadening is dubdctowing down of the rapid isomerisation
process which exchanges R groups of fhdiketonato ligand between the nonequivalent
environments. Below a certain temperature, knownthee coalescence temperature, the
exchange process slows down sufficiently so thpasge signals for the thregs-isomers
(for complexes with asymmetrig-diketones) are detected. Raising the temperathove
RT, results in the peaks becoming even sharpetirelto the peaks at RT) due to increasing

the rate of intramolecular rearrangement.

AN !

T decrease ‘ RT T inlcrease

Figure 2.9 Simulated'H NMR spectra of the methine (ring proton) forpJiCl, complexes, showing the
expected spectral lineshape changes with temperafitre low-temperature spectra, resolved into $eparate
peaks, indicate that the complex exists as the tisgeometrical isomers.

Stabilisation of the cis-configuration Geometry is determined by a combination of
steric and electronic factors. In the case oB)PX. complexes, steric factors favour the

trans-configuration but experimentally the#s-configuration is found to be more stable. The
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effect of increasing steric hinderence in theB){iOR), series, with R = Me, EtPr, Bu, is
simply to raise the coalescence temperatueg, to slow downthe rate of intramolecular
rearrangement. The higher stability of theconfiguration is attributed to electronic factors.
Octahedrally coordinated titanium(lV) has a 12-lmt valency shell on the basis of
bonds, and to attain the 18-electron group, wharifer enhanced stability on transition metal
complexesgn-electron donation involving the metdlorbitals occurs. Since titanium(lV) is a
d® system, only ligané-metal n-bonding exists. A considerable body of experimbnt
evidencé supports the existence wfelectron interactions ifi-diketonato-metal complexes
and it is this factor which stabilises this-configuration in Tif),X, compounds. In theis-
configuration, three of the emptyorbitals (kg or dy, d,, and g,) interact with thep-
diketonatorn-electrons in the ppdr back donation, compared to only twerbitals (dy, Ok,)

in the trans-configuration. Thecis-configuration is thus stabilised relative to ttrans

configuration.

NMR Characterisation  In the six-coordinated Ti§2X, complexes, 1,3-diketones form a
six-membered, planar chelate with the metal, whieeetransition metal atom participate in
the aromatic system by formimgbonds®>#* The planarity or “near” planarity of the ring has
been shown by X-ray analysesH NMR measurements supports the “aromaticity” o th
system; the ring proton (methine proton) of the ahehelate ring, shows downfield shifts

relative to the fre@-diketone, which is caused by the anisotropic ¢$fef the chelate ring.

Hydrolysis  The bisp-diketonato metal complexes are highly susceptibleydrolysis and
hydrolyse according t@®cheme 2.7° The order of stability against hydrolysis, which
depends on the hydrolysed group X, is OEt > F > 8 > I.

+H,0
[Ti (B)2 (H:0) X]* X === [ Ti (B), (OH) X

+H,0

|

[Ti (B)2 (OH) (H;0) * X* === Ti (B), (OH),
l -H,0

polymers ——= —— TiO,

Scheme 2.7 Hydrolysis of bisp-diketonato titanuim(IV) complexes.
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When Ti(acag)X, complexes with X = F, Cl, Br, were exposed to #tmosphere, the
crystalline solids showed pitting of the crystatda, loss of sharp extinction and loss of
colour® The dibromo and dichloro-bis(acetylacetonatatiten complexes converted to an
opaque white powder, which was presumed to be,.TiOifferent degrees of hydrolysis
occurred; the dibromide was almost completely hiyded in 2h; the dichloride ioa. 5 days
and the difluoride was only partially hydrolysedeafl0 days. When these complexes were
dissolved in acetonitrile and treated with watére thydrolysed products precipitated out
immediately. However, it was found that when bitdae, Ti(ba)(OEt), was first treated
with cremophor and propylene glycol, micelles fodf’2 When dissolved in water, these
micelles surrounded the substance, protectingihfhydrolysis and making it water-soluble
and stable over several hours.

2.3.2.2 Bis-B-diketonato-(cyclopentadienyl) Ti(IV) complexes

Another type of 6-coordinate bfsdiketonato titanium(lV) complex, CpB).Cl, is readily
synthesised from GpiCl, and p-diketones in the presence of a hydrogen halidemioc

such as EN, in acetonitrile and under anhydrous conditi3Scheme 2.8

R2
4 b|
0, 1. N
\ \\\\Cl CH-CN : ///"’n. o
i + + EtN 3 Ti + Etz3NHCI + CsHg
{ N N, / Heat o/l\m
2

Scheme 2.8 General synthesis of B,CpCl complexes.

The compounds exist as monomers with an “approxmabordination number of six
(considering the cyclopentadienyl ring as occupyorge coordination position only and
undergoing rapid rotation). Based on the octahgednwo geometrical isomers, are possible
for symmetricp-diketonesij.e., thecis andtransisomers and six isomers for asymmefiic
diketones, i.e., foutis and twotrans (seeFigure 2.7 andFigure 2.8for analogous geometric

isomers of Tif).Cl, complexes). The Variable-temperature NMR studidgate that these
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compounds generally exist as tbis-isomers in solutio® However, titanium compounds

incorporating symmetric chelates.¢, acaé® and hfa&’) appear to give two solution isomers
with similar spectra, indicating that both ttie andtrans-isomers are present in solution. An
alternative description was rationalised on theishas the compound having dodecahedral
coordination in solution (increasing the number poissible geometric isomers) with the

presence of two isomers being an isomerisation émtviwo “dodecahedral” isomér &’

Doyle and Tobid® wanted to determine if the bis(cyclopentadieniy8rium(lV) moiety
could be forced into a sandwich structure with paraings and six-coordinate titaniunA]

similar to the known octahedral structure BY.[°

However, it was impossible to produce this octahkedoordination even when very high
concentrations of the chelating ligand were useth whe aqueous reaction conditions
described for the synthesis of [Ti(B)]". The structure ofA] appears reasonable on steric
grounds, but coordination of four oxygen atomshe ky plane by strong covalent bonds
would lead to weakening of the metal ring bonds waodild be energetically unfavourable.
The six-coordinated CpTij.Cl [B]"® and the five-coordinated, €F(B)CI®® complexes, are

energetically favourable as the nine hybrid orbitale utilised optimally.

2.3.2.3 Bis- B-diketonato-(aryl-diolato) Ti(IV) complexes

Structural aspects of [T)z(binaph)] complexes with symmetrig-diketones,i.e., p =
RCOCHCOR, R = Ckli(acac), Ph (domjBu (dpm),Figure 2.10(a), were investigated by
Brown et al® At room temperature, the complexes are fluxiomethanging axial and
equatorial substituents on tlflediketonate ligands. Titanium bfs(iketonato)-complexes
undergo facile trigonal twists, which not only irdenvert equatorial and axial substituents,
but also epimerises the titanium centre allowirg drastereometric binaphtholate complexes
to equilibrate. When CITl, solutions of the TR)2(binaph) complexes are cooled

sufficiently to freeze out the fluxional process,dach case only a single diastereomer was
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observed by NMR (within the limits of detectionT.he identity of the diastereomer formed,
determined in the solid state by X-ray crystallgdmafor the dom and dpm complexes, was
the A-S/A-R isomer. This was in agreement with the eledtrpnedictions based on overlap
of the binaph lone pairs with the titanium LUMOhUE it was showed that a chiral electronic
structure can exist even in the symmetricalbdiketonato) titanium(lV) fragment, and that
the electronic dissymmetry in these complexes @e Isufficient energetic consequence to
give rise to useful levels of chiral recognitiorit was also reported that Ti(acgampaph
dimerises in the solid state and both monomer anwrdwere detected in solution. No

indication of the structure of the dimer was given.

CHjs CHs

H3C/g§ \\\\O H3C/g<o &
I I
H3C\<72 OO H3C\<72 OO
CHs CHs
(a) Ti(acac) »(binaph) (b) Ti(acac) ,(mbinaph)

Figure 2.10 The formation of a 7-membered chelate ring inﬁ)i'zi((binaph)]89 for p = acac, dbm, dpm and
the 8-membered analogue in [Ti(acétbinaph)]Error! Bookmark not defined.

In the study into the coordination behaviour aratteity of hydroxy rich ligands (containing
varying numbers of OH groups) towards-[Ti(acac)Cl,], the 8-membered chelated ring
complex, [Ti(acag(mbinaph)] Figure 2.10 (b), was isolated and characterised by single

crystal X-ray diffraction method¥.
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2.4 SOLID STATE STRUCTURAL ASPECTS

Certain structural aspects of the various compoueldsed to this study have been discussed
in previous sections. This section concentrateislgnan crystallographic details which have
been obtained from the Cambridge Structural Dagf@sD)*

2.4.1 Tetrahedral Structures

The solid state structures reviewed in this class,the bent metallocene complexes with a
(n°>-CsHs)2Ti" fragment, in which the Ti atom is attached to didentate ligand,
[Cp:TiV(B)]" or [CrTi" (0,0 -ligand)] and two monodentate ligands, {0 (O-ligand})).
Single crystal structures of the form [Ip" (B)]* will be reported and discussed in chapter 3.
Since only one structure of this form has been nepp the analogous *j [Cp.Ti" (B)],

structures have also been reviewed for comparison.

Cp.Ti" structures  Selected crystal data are summarisedidhle 2.2and the structures
are drawn irFigure 2.12 The angles and distances discussed are shongsaleTable 2.2

The Ti atom is located inside a distorted tetrabedvhose apices are formed by the centres
of the Cp ligands and the coordinated oxygen at@fitgaire 2.11). The (centroid €Hs)-Ti-
(centroid GHs) angle 6,) is in the range of 128°-136° for the series ofictures examined,
which is larger than the standard tetrahedral aafjle09.5°; the higher value is attributed to
steric hinderance between the cyclopentadienyhtiga Consequently, the O-Ti-O angbg) (

is reduced to an angle which is smaller than thadsrd 109.5°, depending on whether the
coordinated oxygen atoms are part of (a) a restdaiimg formed by one bidentate ligand (70°
- 103°) or (b) two unrestrained monodentate ligaf@ds - 98°). The other valence angles at

the Ti atom are close to the standard tetrahedgéa

Figure 2.11 Distorted tetrahedral Gpi structure ¢ =centroid of Cp ring).
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Table 2.2 Selected crystallographic data for (a) §Tid’'(B)]*, (b) CpTi" (0,0 -ligand) and (c) Gi" (O-
ligand), complexes. ThaverageTi-O and Ti-®Cp distances are liste®(= centroid). Data for GJiCl, is
included for comparison. The data marked in fgdr({d the non-bonded O-O distance) for structures avit
0,0-ligand, are the variables that show the greatasation.

ANGLES DISTANCES
8,= O-Ti-O Ce plane d; = Ti-O
6, = cent Cp-Ti-cent Cp d, d; d, = Ti-centroid Cp
¢ = intersection Cp planes A e ds = non-bonded O-O
[ &7 o
:,Ti“\ Ldy
N %
N
I4
Cp plane
Angles (Deg) Distances (A)
Complex | TrLigand 0. 0, ® T-O | Ti-®Cp | 0-0 Cp
rng size ave ave non-bond Conformation
(a) [Cp.Ti(B)]"
A% 6 86.6 133.8 | 475 1.975 2.035 2.710 staggered
(b) [Cp,Ti(O,0'-ligand)]
B 5 81.8 131.6 49.4 1.963 2.082 2571 staggered
c* 5 79.5 133.3 49.0 1.999 2.054 2.555 staggered
D% 6 88.3 133.6 50.4 1.932 2.066 2.692 staggered
E% 6 70.5 132.0 50.3 1.945 2.042 2.686 staggered
F 7 91.0 131.0 50.5 1.927 2.105 2.753 staggered
G*® 7 95.2 130.6 52.4 1.942 2.146 2.868 staggered
H®® 8 103.0 130.4 52.1 1.941 2.130 3.039 staggered
Average values — | 87.0 131.8 50.6 1.950 2.089 2.738
(c) [Cp.Ti(O-ligand) 5]
100 mono 98.1 131.4 495 1.907 2.089 2.880 eclipsed
Jlot mono 97.6 128.3 53.6 1.934 2.117 2.900 staggered
K102 mono 97.0 129.9 50.7 1.946 2.073 2.914 staggered
L3 mono 90.5 132.1 51.2 1.952 2.054 2.771 staggered
Mo mono 90.2 132.0 49.7 1.983 2.038 2.808 staggered
N mono 89.9 131.5 49.7 1.965 2.057 2.762 staggered
ptoe mono 91.5 132.5 49.7 1.945 2.047 2.786 staggered
QY mono 91.8 132.2 485 1.995 2.051 2.866 staggered
R108 mono 91.4 131.9 50.8 1.928 2.052 2.761 staggered
s mono 91.7 134.9 50.1 1.916 2.061 2.750 eclipsed
Average values — | 92.9 131.7 50.4 1.947 2.064 2.820
Cp.TiCl,* mono 94.6 130.9 51.3 2.364 2.058 3.475 staggered
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(a) [Cp2Ti(B)]"

(b) Cp,Ti(O,0'-ligand)

\\\@[ @\\\:\i @\,&O a.\\\o

Ti‘o@ Ti\@

% (o} NO,
E

Bu' Me
@ o Q @ o Q (¢} O
N \ N ﬁ\\\
) T\
N °
F H

(c) Cp,Ti(O-ligand)

Me Cl
@\ SO7R
Ti‘ R= A * * Cl
/
Qo

ar ... . $
4 - @@gf@

Figure 2.12 Structures of tetrahedral bent metallocene complexgiewed irTable 2.2.
The * indicates the position of R group connection.

The two Cp rings are planar in all cases, withledral angle) between the planes of the
rings, varying between 49° - 53°. The Cp rings ¢ianslightly to increase non-bonded
contacts between the cyclopentadienyl C atoms laaaddordinated O atoms. This tipping is
reflected in the Ti-C distances (of the Ti-Cp ringhich vary slightly. The favoured

conformation of the sandwich is staggered, althougimany cases the energy barrier to

cyclopentadienyl rotation is very smaif.
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\

6-membered rings

Hl""ih

%
+

\
D)

4

.
/‘ui

é
é

7-membered rings

\
.

!
1L

é
\

8-membered ring

Figure 2.13 The CpTi(O,0-ligand) complexes (drawn Figure 2.12and tabulated iffable 2.2 showing
the position of the chelated ligand relative to @di-O plane(Some H atoms have been omitted).
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The average distance from the Ti atom to the cat#rof the GHs rings (Ti-®Cp) shows
little variation over the different Gpi complexesi.e., 2.04 A for [CpTi(B)]*, 2.09 A for
Cp,Ti(0,0-ligand) and 2.06 A for Gpi(O-ligandy. Similarly, the average Ti-O bond
length is relatively constant. In contrast, espiciregarding the chelated structures, the bite
(O-Ti-O) angle and bite (non bonded O-O) distaiaae the widest variation (shown in red
in Table 2.7).

The chelated [Gi(B)]" and [CpTi(O,0'-ligand)] complexesA, B, C, D, E, F, G andH), in
which the bidentate ligand forms a 5, 6, 7 or 8 iberad ring, have to accommodate ring
strain while maximising Ti-O orbital overlap in thetrahedral environmentFigure 2.13
shows the position of the chelated ligand relatovéhe O-Ti-O plane. The position of the 5-
membered ring depends on the ligand typeC iit lies directly in the plane, while iB it is
bent above the plane with a dihedral angles 34.9°. InA, D andE, thep-diketonato and
salicylato ligands, forming 6-membered rings, anailarly bent out of the O-Ti-O plane with
a dihedral angle of 16.8°, 18.4° and 21.6° respelgti The biphenolato ligands in the 7-
membered ring complexek, andG are twisted, with one phenol ring lying above, dhe
other, below the plane. The methylene-bis(pheaplagand, is more flexible than the related
biphenolato ligand, since the @group joining the two phenols acts as a hingevatig the
ring more freedom to rotate. This 8-membered rieg, above the O-Ti-O plane in an open-
book conformationH. A trend, relating ring size and O-Ti-O angleesig observed; as the
size of the ring increase the O-Ti-O angle increasenging from 79.5° to 103.0° for 5, 6, 7

to 8-membered rings.

Cp.Ti" structures ~ Selected crystal data of the three known cryttaktures of CfTi" (B)
with B = acac, ba, dbm, are summarised @able 2.3 The chelating-diketone forms a six-

membered ring in GFi"

(B) similar to the six-membered ring form by theliketonato and
salicylato ligand in structure&, D andE, shown inFigure 2.12 A comparison of these
structuresi.e., CpTi"(B) compared to [CAi"V(B)]" and CpTi"(salicylato), in terms of
angles @, 6., 63) and the average distances (Ti-O,dICGp and non-bonded O-0), indicates
that they are structurally very similar. The mssgnificant variation, the difference in the
average Ti-O bond distance, suggests thatQf@-ligand is bound more strongly in the

titanium(lV) complexes, than in the titanium(lIgp,Ti™ () complexes.
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Table 2.3 Selected crystallographic data for (a),0f' (B) with p = acac, ba, dbm. ThaverageTi-O and
Ti-(centroid Cp) distances are listedP € centroid).

Rl
@\ O

SN
S4a
R?  RY=CHgor Ph, R?=CHsor Ph
B-diketone Angles (Deg) Distances (A)
Complex | Rgjoups [ g 0, ¢ | To |Tiecp| o0 Cp

' ave ave non-bond | Conformation

Cp,Ti(acac)'® | CHs, CH; | 843 134.4 45.9 2.068 2.054 2.775 staggered

Cp,Ti(ba)'*® | CHs, Ph 83.0 135.2 46.6 2.082 2.069 2.758 staggered

Cp,Ti[dbm)*™** | Ph, Ph 82.5 134.3 44.9 2.077 2.062 2.740 staggered

Average values — 83.3 134.6 45.8 2.076 2.062 2.758

Also the titanium atom lies slightly above of tHare defined by thg-diketonato ligand, i.e.,
the dihedral angle between the ligand and O-Ti-@he] iso = 4.4°, 1.0° and 13.3° for the
acac, ba and dbm ligands respectively. But thggears much smaller than in the Ti(IV) 6-
membered-ring complexes, D andE (shown inFigure 2.12, with ® = 16.8°, 18.4° and
21.6°, respectively.

2.4.2 Octahedral Structures

The solid state big¢diketonato)titanium(IV) structures, {B.X,, where X = Cl, OR and
Ti"VB2(0,0-ligand), are reviewed. The Ti atom in thé"[B; fragment is attached to two
monodentate ligands or one bidentate ligand. Glaiss of compounds is very susceptible to
hydrolysis, which is thought to occur in two stagist the formation of Ti-OH bonds and
secondly, Ti-O-Ti bonds (through a condensatioryipelrisation reaction), forming dimeric
and tetrameric structuré¥. These di- and tetratitanium oxygen-bridged strest are also
examined.

Monomeric structures Selected crystal data are summarisedlable 2.4 and the
structures are drawn iRigure 2.14 The Ti atom is located inside a distorted octinbe

whose apices are formed by the six coordinated exyatoms (or four oxygen and two
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chlorine atoms). The molecules all adojstconfigurations in the solid stateg., the labile X
groups or the two oxygens in th®,0O-ligand) group areis to each other, which agrees with
solution studies. The isomeric configuration, usaig andtrans prefixes according to the
definition applied inFigure 2.7 andFigure 2.8 for symmetric and asymmetrfg:diketones,

respectively, is shown below andTiable 2.4

(a) TiB,Cly

Bu

A cis-trans-cis B cis C cis

(b) TiB2(OR),

CHs CHs

D cis-cis-trans E cis-cis-cis F cis-trans-cis G cis-cis-trans H cis

(c) TipB,(0,0"-ligand)

J cis

Figure 2.14 Structures of monomeric bRsdiketonato}itanium(lV) complexes reviewed in Table 2.4, i.e.,
Tip2Xz, where X = Cl, OR and Bp(O,0-ligand), where ©@,0-ligand) = bidentate oxygen-donor ligand.

40



CHAPTER 2

d;

Table 2.4 Selected crystallographic data for (a)BiCl,, i !
(b) Ti"B,(OR), and (c) TB,(0,0-ligand) complexes. L% AN P
The structures are shownFigure 2.14 ;O}/;,,j,j"l'i;;;\\\q/ cl O/GjT __“8\\\0'
: . 1
7o AN
R1\</((g dz’/ o " d,
R? Jz
Complexes Configuration ° (b)-Ti-O Angles / Deg Dis;tances ‘1A
0, | 0> | 03 dy | d,
(@) TiB.Cl,
A Ti(ba),Cl,"® cis-trans-cis 93.8 83.9 84.0 2.293 1.953
B Ti(dbm),Cl,""’ cis 90.2 76.5 81.6 2.245 1.987
C  Ti(dpm),Cl,"*® cis 95.5 83.0 82.8 2.267 1.958
Average value — 93 82 2.268 1.966
(b) TiBx(OR),
D Ti(ba),(OEt),™® cis-cis-trans 98.3 81.4 82.7 1.796 2.016
E  Ti(ba),(O'Bu),"™™ cis-cis-cis 101.8 83.7 83.3 1.761 2.045
F  Ti(ba),(OMe),"** cis-trans-cis 99.7 - - 1.788 2.020
G Ti(tfba),(OE),"* cis-cis-trans 100.8 81.3 81.3 1.785 2.050
H Ti(acac),(OPh),"* cis 97.4 82.6 82.6 1.837 2.016
Average value — 100 82 1.793 2.029
(c) TiB,(0,0"-ligand)
| Ti(dbm),binaph*** cis 90.8 83.3 83.2 1.870 2.181
J  Ti(dpm),binaph'*® cis 92.5 82.1 83.1 1.855 1.996
K Ti(acac),mbinaph**° cis 94.0 83.9 83.4 1.834 2.019
Average value — 92 83 1.853 2.065

®The isomeric configuration, usings or trans prefixes according to the definition given Figure 2.7 and
Figure 2.8 for symmetric and asymmetrizdiketones, respectively’For TiB,Cl, a = CI-Ti-Cl angle and gd=
Ti-Cl distance.®An average of the two Ti-X @land four Ti-O (d) distances are shown.

A distorted octahedral coordination is observed, wibimd angle distortionsa 10° from a
regular octahedron. The O-Ti{®¢iketonato) angles, ranging between 77° and 8¢, a
about ~10° less than the O-Ti-O(alkoxy) anglesdnag between 90° - 102°). There are two
types of Ti-O bondsij.e., the titanium atom coordinated to the oxygen a&tawh the 3-
diketonato group (d= Ti-O(B-diketonato)) and the bond between Ti and the oligand,
either monodentate or bidentate® dTi-O(alkoxy)/(O,0"ligand)). There is@.0.2 — 0.3 A

difference between the two types of Ti-O bonds.

All the B-diketonato groups excluding the titanium atom faidy planar. In the chelating
ring the endocyclic C-O and C-C bond distances waees which indicate almost complete
Teelectron delocalisation over thp-diketonato group. This is evidence of a certain
aromaticity of the system.
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Dimeric structures ~ The monomeric structures,EX,, X = Cl or OR, hydrolyses to form
dimeric, {TiB2(1-0)}2 if X = OR**” and {TiB.Cl} 2(u-O) if X = Cl, *?® seeFigure 2.15

CHj CHg HaC
H c/<_<° H 0/4'—<° o)—’>\CH
’ DQ/Q,,'#""\Q " ® 0, ["'\;\;O’ """ 1 W0 3
P hydrolysis T| T|
U{{lfﬁbR d//LTEO{{ii\\b
HSCU H3C\</<O o>.\>/CH3
CHs CHy HsC
CHg CH3 HsC
HC H 0/4—{0 O)—)\w
3 . 3 Oy, ‘ e e 3
hydrolysis /T| O—Ti'“\
@) ‘ Cl ‘ (o)
HaC H3C\</z Q N —cHy
CHs CHz HsC

129 130

Figure 2.15 Formation of the dimeric structures, {Ti(acgg)}O)}, " and {Ti(acac)Cl},(u-0) " by

hydrolysis of the monomer, Ti(acax}, X = Cl or OR.

{Ti(acac)(1+0)},**° The structure consists of a cyclic dimer plasedund a centre of
symmetry, with the titanium atoms linked throughotwxygen atoms. The dioxo-
dititanium ring is planar and slightly distorteaiin a square, the angle at oxygen being 96.6°
and at titanium 83.4°. The Ti-Ti distance is 2.22@nhile the O-O distance is 2.430 A. Each
titanium atom is near the centre of the octahedaod nearly coplanar with the six
coordinated oxygens. The acetylacetonate ringsvarg nearly planar. There are three
different Ti-O bond distances, i.e., those in thgsbxo-dititanium ring that average 1.83 A
and those bonding to the axial and equatorial positof thef-diketonato ligand, which
average 1.97 and 2.06 A respectively. The lon@€ Bond to each acac is found totbens

to the bridging oxygen as a result of the traneatflcross the titanium atom.

{Ti(acac),Cl}(u-O)*° The structure consists of two octahedrally cooridatitanium
atoms linked through one oxygen atom. The twoi@astof the molecule are approximately
related to each other by a centre of symmetry atjdining oxygen. In each portion, one
acetylacetonate group is considerably more pldrar the other. Once again there are three
different Ti-O bond distances, averaging from thertest, 1.80 A (Ti-O-Ti bridge), 1.94 A
(Ti-acac axial position) and 2.17 A (Ti-acac equitbposition). The longer Ti-O bond to

each acac is found to bnsto the bridging oxygen.
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Tetrameric structures Tetratitanium oxygen-bridged complexes adophteujfferent
configurations, as observed in a search of the Gdgi Structural Database (C§E)1) by
Allen:**? square, cube, capped parallelogram, butterfnan linear, planar, bowed linear or
plate and zigzad®® An analysis of multititanium oxygen-bridged corapds was given by
Boyle et al*** The tetrameric molecule, [TiO(dpghy)'* forms a square configuration with a
planar, eight-membered cycle (s€gure 2.16. The four titanium atoms each have a
distorted octahedral coordination. Three pairsSTe© bonds are present: the short Ti-O
bonds in nearly linear Ti-O-Ti bridgesg(1.81 A), the long Ti-O bonds with oxygemansto
1O (ca 2.12 A) and the Ti-O bonds of intermediate lengith O, cis to 1O (ca 1.96 A).

Thus, the strong trans influence is clearly obsgimethe plane of the (Ti-QYing.

2132 2.119
1.968 O\T T /31-969
2132 O—7i—80-0—18ll 1L 55999
> %
1.969 O/ ”j G \01 969
1.819 1.811

o

o
1.791 [
\@\ o)1803
2117 O—T| T| —0 2.117
1 791 1.819 \O
O/ J) 1.965

1 969 1965
2. 118 2.118

1.968

Figure 2.16 Left: The structure of cyclo-[TiO(dpni) andRight: diagram showing coordination, angles
and distances around titanidr,

The structures of two related tetranuclear oxogedlcompounds, [TifO)(3-oxy-2-methyl-
pyran-4-onata)s (A)**° and [Ti@-O)(4-benzoyl-3-methyl-1-phenylpyrazol-5-onaiq)(B)**’

adopt the same square configuration as for [TiO{dam
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2.4.3 Non-bonded Interactions

Hydrogen bonding and-stacking (interactions between aromatic rings) iamportant non-
covalent intermolecular forces. The enthalpiesafbonded interactions are relatively small:
ca. 2 kJ mol” for n-stacking interactions and weak hydrogen bondscan@0 kJ mol* for
conventional H-bonds as compared with covalent bemithalpies ota 200 kJ mol* and
up13139 Nevertheless, these bonds can have a profourdtafh the properties, structure

and reactivity of substances in which they occur.

2.4.3.1 Hydrogen bonding

The conventional hydrogen bond (written D—-H) is formed when H, bonded to a highly
electronegative atom, D = F, O, N and Cl, interagth another electron-rich atom, A. The
D-H bond is a normal 2 eovalent bond but it is polarised with H bearingeaatial positive
charge such that the-H\ interaction is an electrostatic attraction. Stawal evidence for
hydrogen bonds is provided by the-B distances (the distance between donor and aacepto
atoms should be less than the sum of their vaWtels radii) and the D—HA angle (should

be greater than 100*)° The weak and non-conventional hydrogen bonds (GAHD—H:-C
and C-H-C) are also describéd* For example, a longer C—HD contact (d > 3.6 A) may
be acceptable as a hydrogen bond if the angle temdsds linearity > 150°). Very short
C-H--O contacts (d < 3.2 A) with very bent angles (900<) should be viewed with some
scepticism. In cases of doubt, angular consideratishould take precedence over length

considerations.

2.4.3.1 Aromatic—aromatic Interactions

n-stacking interactions are important non-covaletgrmolecular forces similar to hydrogen
bonding. In the arrangement of aromatic rings oae distinguish generally between an
edge-to-face, T-shaped conformation (C—Hinteractiori*) and a stacked arrangemermin(
interaction), shown irrigure 2.17. Facial stacking, termed- stacking”, can be perfectly
aligned in the face-to-face, parallel conformation it can be offset in the slipped
conformation with the aromatic rings either patdadle at an angle to each other. These
stacking interactions are not very well define@ytlare commonly used for stacks of aromatic

groups arranged with molecular planes ranging fparallel to some degree of deviation
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from coplanarity and separated by interplanar dista of about 3.3-3.8 &R* The
enthalpically favoured orientation is the edgedod, T-shaped (C—Hkr)-interaction but ab
initio electronic theory suggests that the off-eeatl parallel displaced and T-shaped
structures are nearly isoenergéfit.

----- R —
N—F "
edge-to-face face-to-face offset, slipped offset, slipped
T-shaped parallel parallel non-parallel
C-H--m

interaction Te-Ttinteraction n—stackmg

Figure 2.17 Principal orientations of aromatic-aromatic intei@mas.

The aromatic ring can be represented in terms efritig centroid, (centre of gravity of the
ring) and the surface normal vector (the uniques garpendicular to the ring plane), see
Figure 2.18 (a). The intermolecular orientational information @fe aromatic ring with
respect to another is typically described by thetroeéd-centroid separation (R), a centre-
normal anglef), the horizontal displacement of the centroidg &hd the interplanar distance
(dy) if the ring planes are parallel. In addition ttlesest contact distance between the two
rings (Rq) and the angle between ther stacked planesj, are often giverfigure 2.18(b).

(@) Aromatic ring (b) Intermolecular orientation information

Surface normal

N—"}
Ring centroid d;
------ Ring plane <> (o
parallel planes ~dy,— non-parallel planes

d; =interplanar distance, for parallel planes

d, = horizontal displacement of ring centroids

Rcen = centroid-centroid separation

Rqq = closest contact distance between the rings
= centre-normal angle

¢ = interplanar angle, for non-parallel planes

Figure 2.18 (a) Aromatic ring representation agia) intermolecular ring orientation information.
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2.5 REACTION KINETICS

2.5.1 Introduction

Chemical reactions are often grouped for convemiento the following types; substitution,

exchange (both intra-and intermolecular), additorlimination, solvolysis, and redd%

MX +Y — MY + X substitution

MX + MY — MX + MY exchange

MX + MY =—= MMXY addition/elimination
MX + HA — MA + HX solvolysis

Ox; + Red; — Red, + Ox, redox

In this study, substitution and exchange reactiohsoctahedral complexes have been
examined; therefore a brief overview is given. Séheeactions involve the replacement of
one ligand (the leaving group, X) by another (tmegng group, Y), with no change in
oxidation state or coordination number of the adntnetal, although, &emporarychange in
the coordination number of the reaction centre ocanur. In exchange reactions, the
movement of ligands, takes place between two caxaplewhile in substitution reactions it is

between the complex and a free ligand.

The rate of reaction is given by the rate of decositipn of the activated complex to form
product$®® (the activated complex is in equilibrium with theactants before the reaction
takes place).e.

Ke [AB]* —k> products

A+ B

whereK. = equilibrium constant and = rate constant. In general, many steps may be
required to complete the transformation from re@stéo products. Most often, a single step,
known as the rate determining step, is much sldien all the other steps and the speed of
this step effectively determines the form of theelaw expression. Hence, kinetic studies
lead to arempirical rate lawthat relates the reaction rate to the concentratforeactants,
products and intermediates. The mechanism forckenical reaction (which consists of a

series of elementary steps by which products armdd from reactants), is derived by
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postulating steps that are consistent with the Bogbirate law and other kinetic data. The
transformation from reactants to products procega$our basic pathways.e., dissociative

(D), associativeA) or interchangel § or 1) mechanisms.

Dissociative mechanism ( D) Bond breaking is the rate-determining step. [Ea&ing
ligand (X), dissociates from the coordination mesphere, forming an intermediate of
reduced coordinationi.é., five-coordinate in the case of octahedral rems)i. This is
followed by a fast reaction, in which the incomiigand (Y) reacts with the coordinatively

unsaturated and very reactive intermediate {iorming the final product.
k

[MLeX] —go=  [MLs] + X
[MLs] + Y—F—=> [MLsY]

fast

Associative mechanism (- A) Bond formation is the rate-determining step.e Tfiicoming
ligand (X) binds to the metal centre, producingiatermediate of increased coordination
number {.e., seven-coordinate in the case of octahedralicees)t Subsequently, the leaving

group (YY) detaches to form the final substituteodoict.

k

[MLsX] + Y —5ow

[ MLsXY ]

[ MLsXY ] [MLsY] + X

fast

The associative mechanism is associated oftenseitiolysis Scheme 2.9 especially if the

solvent is polar or has a tendency to solvate @tinating solvent).

ko — [ MLsX(Y) | [MLsY ]
[ MLgX ] - solv
| + solv -X +Y
l=—= [ MLgX(s0lV) ] [ MLg(solv) ] [ MLs(Y)(solv) ]

‘ks

Scheme 2.9 Schematic representation of the direct and solpatitway for the associative mechanism.

The kinetic rate law including both pathways isegiby

rate = (kg + ko [Y]) [ MLsX ] = Kgps [ ML5X ]
where ks = rate constant of solvent pathway &aé rate constant of the direct pathway.
Kobs = ks + K[ Y], is a pseudo first order rate constant when $Y{MLsX].
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Interchange mechanism ( |4 or 13) A rapid equilibrium between the incoming ligaiX)

and the reactant [M§X] forms a loosely bonded molecular combinatioronB formation and
bond breaking happen simultaneously during the &bion of this activated complex, but the
mechanism may be dominated by bond breaking dissociative interchange) or bond
formation (, associative interchange) The intermediate speashich is not directly
detectable, does not change in coordination nunibezacts to form the product and releases
the leaving ligand X. The distinction between the is very subtle and careful experimental

design is required to determine which descriptitné given reaction.

Important information concerning the reaction meusm is gained by observing the
influence of specific factors on the reaction ralhese factors are the nature of the ligands
involved (entering-, leaving- and non-labile remiagnligands), the central metal and the
solvent. Activation parameterse., entropy of activationAS*) and volume of activation
(AV*) also give an indication of the mechanisma,,

(a) dissociative mechanismS* = small negative or positive value and* = positive value.

(b) associative mechanisthS* = large negative value amd/* = large negative value.

The activation volume is the most reliable actwatparameter in determining the reaction
mechanism. Octahedral complexes of metal ions with’, d® electron configuration are
coordinatively unsaturated and therefore prefer associatively activated pathway for
substitutiom*’ The associative mechanism implies an increassmandination number for
the transition state. This is conceivable sincablst complexes of Ti(lV) exist with
coordination spheres of seven and eight, for exampicoordinate [Ti(MgltcyCl] and 8-
coordinate [Ti(diarslla].

2.5.2 Substitution Reactions of Octahedral Ti(IV)  Complexes

Substitution reactions of octahedral bis(O,O'-lidjatitanium(lV) complexes, of the form
Ti(L) 2X2, were investigated by Burgessal*® Reaction involving the nature of the leaving

group, the entering group and the non-leaving ligaavealed two kinetically distinct steps:

Ti(L)oXo Y- Ti(L),XY + X~ Y Ti(L),Y, + 2 X
fast slow
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where L = O,0'-bidentate ligand, X = labile leavijmgup (halide or alkoxide), Y = incoming
nucleophile. By reducing the concentrations ofitftming ligand, it was possible to detect
the relatively fast first stage for some reactiohtowever, often either the first or the second
step proved to be impracticably fast or slow am@#ic data for both steps were established in
only a few cases. The rate constant for the $iep, is at least 10 times (generally more than
30 times) faster than the second step, resultimgegiligible coupling between two stages, and
rate constants being determined independently.udesérst-order conditions were applied,
where the nucleophile is present in large excess.

The rate law for both the first and second stagsubstitution is given by:

aA
dt

{ks + ko [YI}A]

where [A] = [reactant]ks is the rate constant of the solvent pathway, karttie second order
rate constant for the bimolecular substitution tieac(the k, pathway corresponds to the
simple second-order rate law that is observedantiens in non-interfering solvents). Tke
andk; values are obtained from the graphkgf vs concentration of incoming nucleophile;
kobs = ks + K[ Y], and ks is the y-intercept ankb the gradient of the line. In all casés«k;
concluding that th&, pathway is the dominant pathway.

An associative mechanism postulated for kh@athway, was supported by (a) the negative
volume of activation, e.gAV* = -12.6 cn® mol™* for the nucleophilic attack of NC%it

Ti(pyrone}Cl:[A] and (b) the sensitivity d&; to the nature of the entering nucleophile (Y).

Results for different incoming ligands The substitution reaction of Ti(pyron€),
[A], with incoming nucleophiles Y = CNNCS, MeOH, EtOH, 'PrOH, pyrazine, 2,2'-
dipyridyl and malonoic acid (#thal), was evaluated. The rate constknshowed sensitivity
to the nature of the entering group, as is expefitechn associative substitution, white
values were almost equal, consistent with a comratalimiting solvolysis pathway In the
substitution of the bidendate ligarelg, malonoic acid (kmal), the second kinetic step was
rate-limiting ring closure and not the substitutioha second molecule of entering group
(H2mal). Hence the final product was Ti(pyrosfg)al) and not Ti(pyronejHmal), with two

molecules of entering group coordinated in a montate manner (se&cheme 2.1
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mondendate

G ring closure

Gl
bidendate HQO ——
H o I WO
O
Et: / Et:
=
[A] 0
O A
H H

Scheme 2.10 The substitution reaction of Ti(pyron€), [A] with monodentate and bidentate ligands
forming Ti(pyrone)Y,, Y = CN, NCS, MeOH, EtOH,PrOH, pyrazine, 2,2'-dipyridyl and Ti(pyronépal),
respectively.

This was firmly supported by product identificatiand kinetic evidence.e., for the second
step, kobs IS independent of the concentration of the incanigand. In Chapter 3 (Section
3.5), the substitution reaction of [B)¢Cl,, where the labile Cligands are substituted by the
bidentate ligand, 2,2'-dihydroxybiphenylgbohen), will be reported.

Results for different leaving Groups The relative reactivities of different leaving
ligands in nucleophilic attack of NC8t Ti(pyrone)X, , X = Cl, F, OMe, OEt, (Pr, OPh and
mal, was evaluated. The rate constant for the dantibimolecular pathway,, is very
sensitive to the different leaving groupe.( covers a range of over 20-fold for the complexes

studied), while there is a small range of rate tamts for theks pathway.

Results for different non-leaving Groups The effect of changing non-leaving
chelating ligands, L, in Ti(lLCl, complexes on substitution reactivity of N&Swas

evaluated for the following family of ligands.

(0]
OH Q OH OH
OH A /
[ ] b
] o
1 2 N R
R o~ "R |
Rl
pyrones pyridinones N-hydroxy-amide tropolone
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The rate constants, andks, are only slightly influenced by the non-leavingghds. This is
due to electron withdrawal or release by the chejdigand assisting or discouraging entry of
the incoming thiocyanate nucleophile. The netted&cdensity at titanium increases when a
high degree of-electron donation is associated with strong ligaretal bondingj.e. the
effective positive charge decreases on the cemteahl and discourages nucleophilic attack.

The most stable complexes are expected to be foopédands with the smalleks values.

2.5.3 Exchange Reactions of Octahedral Ti(IV) Comp lexes

Dialkoxy- and dihalobifi{-diketonato)titanium(lVV) complexes, TPiX2, undergo rapid
intramolecular ligand-exchange (described in sac#.2) as well as intermolecular ligand-
exchange (redistribution reactions) which scranboléh the monodentaté)(and the bidentate
ligands (1).

Ke .
Ti(B)2X2 + Ti(R)2Y2 === 2 Ti(B)2XY I

Ke
Ti(BY2Xo + Ti(E)Xy === 2TiEH(E)X, |

Fay and Lowry*® studied factors which determine the position géfid-exchangequilibria
(but no kinetics), usingH NMR techniques. The spectra below identify thiimolar
mixtures of parent complexes, as well as the mligathd complex for both monodendate and
bidendate ligand-exchange, at equilibrium. Geiherdhe ring proton resonances of the
parent complexes are found at the highest and Iofiedd, with the signal for the mixed-

ligand complex at intermediate field.

Ti(acac)_FBr
2 Ti(tfaa)(acac)F2

Ti(acac)ze Ti(acac)2F2

Ti(acac)_Br
22 Ti(tfaa), F,

-6.01 -5.94 -5.87 -6.32 -6.24 ) -5.94 -5.87

Figure 2.19 'H NMR spectra in the region of the ring proton siray(Left) monodendate ligand-exchange
of an equilibrium mixture of Ti(acagj, + Ti(acac)Br, and Right) bidendate ligand-excange of Ti(acke)+
Ti(tfaa)F, at 31° in DCM. The dashed peak is a solvent spinside band*®
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Exchange of monodendate ligands When both of the monodendate ligands in reaction
() are halogen atoms (X = F, Cl, Br) ah& acac, the equilibrium constaht, is close to the
statistical value of 4 expected for random scrangpbf ligands. However, when X = F and
Y = OEt, the equilibrium constant exceeds the stiatl value by a factor of ~10i.e., the
mixed-ligand complex is favoured at the expensehef parent complexes. Nonstatistical
behaviour for halogen-alkoxide exchange (explaimederms of the difference in ligand
electronic structure) has also been observed by W&rer and coworkel® for the
TiCl4,~Ti(OR), and SiCJ-Si(OR), systems.

Exchange of bidendate ligands The equilibrium constant, for the exchange reastin
(1) with [31 * [32 = acac, ba, dom, dpm, tfaa, tfba, tfth, hfaa and KX OEt, is dependent on
the relative number of GFsubstituents on thgdiketonate ligands. (a) K = ~4 (expected for
random scrambling) if the exchange ligands conththe same number of €groups (or no
CF; groups),e.g, exchange between tfaa-tfba or acac-ba, (b) K6 times the statistical
value, if the exchange ligands differ by one;@foup,e.g, acac-tfaa. (c) K = ~¥0-10°
times the statistical value, if the exchange ligaddfer by two CE group,e.g, acac-hfaa.
These results are in full accord with previous msicbf p-diketonate exchange on Zr(I1V)
Hf(IV), Al(lI1), Ga(lll) and Y(lI1). *°*

In this research project the kinetics of the exgeareaction Ti{§").Cl, + Ti(5%).Cl, were

studied and rate constants, a reaction mechansmjell as the equilibrium constants;)

will be reported.
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2.6 ELECTROCHEMISTRY

2.6.1 Introduction to fundamental concepts

Voltammetry comprises a group of electroanalytic@thods in which information about an
analyte is derived from the measurement of cumerd function of applied potential obtained
under conditions that encourage polarization ofakimg electrode. It is widely used by
inorganic, physical and biological chemists for retwéerisational purposes, including
fundamental studies of oxidation and reduction esses in various media, adsorption
processes on surfaces and electron transfer meohsirat chemically modified electrode

surfaces.

Cyclic voltammetry This is possibly the simplest and most versatikctebanalytical
technique for the study of electroactive specié® @ffectiveness of CV is its ability to probe
the redox behaviour of an electroactive specielsligmver a wide potential randé® Cyclic
voltammetry is a simple and direct method for theasurement of the formal reduction
potential of a reaction when both oxidized and oediuforms are stable during the time when
the voltammogram is takén® Both thermodynamic and kinetic information are ikige in

one experiment. Therefore, both reduction potetial heterogeneous electron transfer rates
can be measured. The rate and nature of a cheremation coupled to the electron transfer
step can also be studied. Knowledge of the eldotnmistry of a metal complex can be useful
in the selection of the proper oxidizing agent xadze the metal complex to an intermediate

oxidation state.

15215 Figure 2.20 depicts a typical cyclic voltammogram (CV).

Basic CV experiment
Important parameters of a CV are the magnitudehef geak currentsig = anodic peak
current andp. = cathodic peak current) and the potentials atlvithe peaks occurs fE=

anodic peak potential and,&& cathodic peak potential). CV studies typicallpmitor two

current-related parameters, namely,

Current function: d=%v* wherev” = scan rate (VY

ac = 2.69 x 16 n*? A D2 C° from the Randles Sevcik equation where n = nurobelectrons, A = electrode

surface area (cfjy D = diffusion coefficient (cfs?) and C° = concentration of substrate (mol%m
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Current ratio: irev/ ifwd

and three potential-related parameters, namely
Peak potential: fand B

Peak (potential) separationAE, = Eya— Eyc
Formal reduction potential: °E= (Epa+ Epo)/2

anodic wave /’i‘\\ Fe'(Cp). — [Fe"(Cp)]” + e

urrent / A

/

cathodic wave [Fe"(Cp)]" +e” — Fe"(Cp).

E.e

-300 -100 100 300 500

Potential / V¥ vs AgfAg"

Figure 2.20 Cyclic voltammogram of a 3.0 mmol dhsolution of ferrocene measured in 0.1 moldm
[NBu4][PFgJ/CH5CN on a glassy carbon electrode at 25°C, scarlfienV §". Cp = (GHs) .

Two important processes considered in electrocltgmire, electrochemical processes
(defined in terms of peak separation, i, = By — E,) andchemical processes (measured
in terms of current ratios, i.e.iedirwg). FOr a redox couple to belectrochemically
reversible, the difference in peak potentialsg,) should be theoretically 59 mV at 25°C for a
one electron transfer process atlfl, should be independent of the scan rate (and blight
dependent on the switching potential of the scamh eytle number}®>® Peak separation
increases above 59 mV due to slow electron trarksfetics at the electrode surface as well
as high solvent resistance and over potentialseréefbre, in practice, and within the context
of this research program, a redox couple Wil < 90 mV is considered reversible. For the
redox couple to behemically reversible the i, andimg values should be identical, i.e.,

iredisnd = 1, showing that the electron transfer procesmigollowed by a chemical reaction.

The redox couple is electrochemically quasi-rewdesior irreversible, when both the
oxidation and reduction processes take place Haunetis slow electron exchange between the
electrode and the molecule (redox species) in isplutPeak separations of 90 mVAE, <

150 mV indicates quasi-reversible behaviour wiilg, > 150 mV, is treated as obeying
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irreversible charge-transfer kinetics. A completemical irreversible system is one where
only oxidation or reduction occut®®

" The electron-transfer process occurring at teet@de-solution interface

Mechanisms *°
can be accompanied by chemical reactions. Commechamisms are characterised below.
Complete diagnosis of the mechanism includes kniydeof the electrode reaction products
and the sequential steps by which they are formEdr example, if a chemical reaction
follows rapidly upon electron transfer, the newc(sedary) products may be produced close
to the electrode, and may be subject to furtheatelehemistry. If the secondary products are
formed slowly, after the primary electrolysis protilhas diffused away from the electrode,
their formation will not influence the electrode chanism, except in bulk electrolysis. In
practice, mechanistic studies make use of a vaokegfectrochemical, spectroelectrochemical
and other physical and chemical methods. Digitalfation techniques allow the entire trace
for a particular mechanism to be calculated and paoed to the experimental curve for
consistency and agreement. Many texts describedyolic voltammetry can be employed to
study the mechanisms and rates of electrode presgas™® *' E = electron-transfer process

(electrode reaction) and C = other chemical reast{(chemical reaction).

E mechanism O + ne’ R

Represents the couple redox reaction, where thactied of electroactive species O is
followed by the oxidation of R in the reverse scahfhe system can be reversible, quasi-

reversible or irreversible depending on the electransfer kinetics as explained above.

E,° E,Y

EE mechanism O+e R+e Z

The first electron transfer is followed by a secetetctron transfer. If the peak separation of
the two redox couples is large, i.es’ K< E°, then two separate peaks are observed but if

the peak separation is sufficiently small, i.e’ £E,%, then the waves merge.
= k

R K 5 Z

EC mechanism O +e’

The electron transfer is followed by an irrevemilskaction where the electrogenerated
species, R, rearranges or reacts with some otlheticso component to form electroinactive
products, Z. Theatalytic regeneration mechanisi® a variation of the EC mechanism in

which the initial electroactive species is regetetdy the following chemical reaction.
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E,° K E,”

R —— Z+¢€

ECE mechanism O +e” Z

The electrochemically generated specie, R, reaitts ssme other component in solution to
form another electroactive species, Z. This speelectrolyses immediately if it is more

easily oxidized/reduced than the starting material.

. 0
CE mechanism Y —K » O+e —E~ R

The electroactive species is generated from artreieactive species, Y, by a chemical

reaction. (The preceeding chemical reaction camladsreversible).

Solvent system %8159

A suitable medium is needed for electrochempianomena to
occur. The term “solvent system” is used to déscthe medium consisting of both solvent
and supporting electrolyte. Important properttest tan ideal solvent system should possess
are:

(a) electrochemical and chemical inertnessthe solvent system should not undergo any
electrochemical reactions over a wide range of mi@ks and it should not react with the
electroactive species nor with intermediates ordpets of the electrode reaction under
investigation.

(b) high electrical conductivity- in order to support passage of an electrical ctjrrire
solvent system should contain a solvent with loectlcal resistance,e., large dielectric
constant{ > 10) and a recommendable supporting electrolyteydeease the conductivity of
the mediumi(e., most of the current is carried by the ions ef spporting electrolyte).

(c) good solvent power the electroactive substances under investigatiost be soluble at
least to the extent of 1 x fTadm™ and the electrolyte concentration must be 10 tilmgs

preferably 100 times that of the electrochemicak#gs under investigation (~0.1 M).

There is not one good solvent system suitable fogxgeriments. However, a widely used
system for both inorganic salts and organic comgsus acetonitrile (CkCN), € = 37, with
tetrabutylammonium hexafluorophosphate (TBAFNBuU4][PFg]) as supporting electrolyte.
The CHCN/[NBu4][PFg] system exhibits a wide potential range with pesitand negative
decomposition potentials of +3.4 V and -2.9 V resppely vs SCE'®® A disadvantage is that
CHsCN is rather nucleophilic and can act as a coottigasolvent. DCM or THF can be

used when a strictly non-coordinating solvent aureed.

56



CHAPTER 2

New supporting electrolytes and the use of noniimal solvents have increased options in
electrochemical studies. The use of the non-coatitig but very expensive supporting
electrolyte  tetrabutylammonium tetrakis(pentaflygrenyl)borate, [NBy[B(CeFs)4],
improves electrochemistry results compared to tesobtained when using the weak
coordinating electrolyte [NBJ[PFe.*®® It was shown that with the use of this new
electrolyte, electrochemistry could be conductedsaivents of low dielectric strength and
reversible electrochemistry could be obtained fanpounds that are normally irreversibié.

It was also shown that the peak separation betweervery close oxidation peaks could be

better analysed with the use of this electrofyfe.

Reference electrode Prior to the 1980’s, nearly all experimental g@ap specified
potentials of a reference electrodenormal hydrogen electrode (NHE) or saturated calom
electrode (SCE). However, IUPAC has since reconartbat all electrochemical data be
reportedvs an internal standard>*®* In organic media the Fc/Fcouple (Fc = ferrocene) is
a convenient internal standard (Fc/Rouple exhibits &= 400 mVvs NHE)1*®* NHE and
SCE are used for measurements in aqueous solutidosever, in many instances
electrochemical measurements in water are impassilé to insolubility or instability. With
non-aqueous solvents, an experimental referencgrede such as Ag/Ag(0.01 mol dn?
AgNOs in CH;CN) or Ag/AgCl may be used.

2.6.2 Redox behaviour of O,0O'-ligands

The electrochemical behaviour of maswgdiketones were investigated during the period 1930
— 1970’s under a wide range of conditions. Mamdi&s result in complex electrochemical
behaviour due to the chemistry of tliketones under those particular conditions. roheo

to assign the redox behaviour and mechanisms &ekbctrode reactions, it is necessary to
recognize the various redox active species presefie solvent system. For example,
polarographic characteristics have been reportegrfiic solvents, usually ethanol-water and
in varying pH. FluorinatedB-diketones react readily with water to form hyddaspecies
(seeScheme 2.2 or in the presence of strong acidic systems, rgulenonoprotonation,

converting to the allylic carbonium igf® ¢’

OH OH
F3C R R = CH3, CF3, C4H38
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This result in complex electrochemical behaviowoining the formation of species or
radicals produced from the starting material thfoalgemical reactions prior or subsequent to
the initial charge transfer. Consequently, thetebehemical reduction of the neutral enol

form of thep-diketone can be missed.

Buchta and Evans investigated the electrochemiagdiaWiour of severalp-diketones
containing aromatic side groups (aromdtidiketone) in aprotic solvents by polargrapfiy
and cyclic voltammetry®® It was found that the electrochemical reductidnHobm in

DMSO/[NBw][CIO*], was followed by a chemical reaction (EC mechamis Three
reduction peaks were observed at -1420, -1720 2RB80- mV s SCE). The first wave
corresponds to a one-electron reversible redudidhe B-diketonel (-1420 mV), while the
latter two are those observed for the productb®fsubsequent chemical reaction, pinaidol
(-1730 mV) and the enolate (-2280 mV). A proposed reaction sequence congisteh the

CV and electrolysis results is presente®aineme 2.11

OH o
+ dimerization  pp Ph
Ph Ph
OH O
H,dbm* dom™ pinacol

Scheme 2.11 Proposed reaction sequence consistent thighredox behaviour of Hdbm.

The central elements of this scheme are the rdlersine electron reduction dfigbm) | to

its radical anion Kidbm®) and the subsequent rapid equilibrium reactionwinich the
unreacted Hdbm transfers a proton to the radidahaproducing a neutral radicaigdbm ")
and the enolatédbm’) Il . Dimerization, which can occur in different wayssults in the
formation ofpinacol Ill . The pinacol undergoes an electrolytic autocatdydecomposition
on a relatively slow time scale, giving benzil aawktophenone. Othprdiketones containing

aromatic side groups showed similar behavi8ur.

The waves show the expected dependence on scan.eat@s the scan rate increases, the
values ofipd/ipc for the first wave, increase and approach thetilmivalue of 1.00, indicating
that the scan rate is fast enough to prevent ajgimecfollowing reaction. However, the two

following waves decrease (with increasing scan) r&ative to the main wave, indicating that
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given less time for the following chemical reactitm occur, less products, pinacol and
enolate, are available for the subsequent elearoaal reductions. The overall
stoichiometry for the reaction is shownSeheme 2.12

OH O

Ph Ph
Ph ph * 20O

OH O
| 1l 1

Scheme 2.12 The three cathodic peaks,E -1420, -1720 and -2280, correspond to the réaluct thep-
diketone, Hdbml( and products of the subsequent chemical reagtioacol (Il ) and enolatel().

The electrochemical behaviour of the 1,3-diketoimeshe keto form differ from enolised
compounds. (By substituting an alkyl groups at dhearbon position, compounds can be
prepared which cannot exist in the enol form, fearaple, 2,2-dimethyl-1,3-diphenyl-1,3-
propanedione). Two important differences have hdentified. (a) The relative stability of
the primary product of the electrode reaction, théical anion, is more stable in the keto
compound§® than in the enol compounds. (b) The radical anmiohboth the keto and the
enol compounds are subject to decomposition but nheire of the reactions differs.
Predominantly cleavage reactions occur in keto aamgs'’® while protonation-dimerisation
reaction$® and decomposition to the enolate and hydrogeh gascur in enol compounds
(seeScheme 2.1 The keto compounds do not possess the relatagtlic enol proton and
the rapid protonation by the starting material @ possible. No evidence has been found
indicating cleavage reactions during the electislg$ enolized compounds but such reaction

may become important under conditions in whichdimeerisation reactions are slow.

Reduction waves for aliphatic Hacac have been tegoin aqueous medt& but other
report$”® note an inability to observe reduction in a variet electrolytes. Neal and Murray,
in their study on the electrochemical behaviouHatac in CHCN, observed a well formed
but completely irreversible wave atE= -2200 mV ¢s SCE)'* They found that the
reduction of Hacac was not diffusion-controlledwis kinetically controlled by a preceding
chemical reaction, postulated to be the keto-enalversion of Hacac that exits as a 56:44
enol-keto mixture in CECN.*"* The reduction process, indicated by the specasililts,
occurs through the enol form with a keto-enol tegdc shift permitting exhaustive
conversion. This type of kinetic behaviour wasnted autocatalysis of a prekinetic
equilibrium.
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The electrochemical behaviour of Htfth was investiggl to determine which electroreducible
structure(s) of th@-diketone (i.e., the carbonyl group, the conjugatedble bond system or
the p-diketone structure) was involved in the electrautoal reduction of Htfth’> Typically
two polargraphic reduction waves are observedhoféered (pH 5.2 — 8.2) 1% ethanol/water
solution, at =-980 and -1500 mV, shifting slightly to more negatvalues with increase in
pH. By correlating the half-wave potentials andhdgour of Htfth with compounds having
related functional groups i.é., thiophene, acetylthiophene, thenoylacetone (Htha
trifluoroacetylacetone (Htfaa), acetylacetone (Hacacetone and methyl ethyl ketone), it
was concluded that the carbonyl group is associatddthe reduction of th@-diketone. In
aqueous Htfth solution, an equilibrium forms in wlhithe hydrated form is the principal
species (se&cheme 2.2p19). The first wave results from the reductanthe carbonyl
group in the hydrated forrh, while the second wave, the reduction of the aaybgroup in

the small amount of enol specids that remains unhydrated.

Comprehensive studies on the electrochemical betewf otherO,O-ligands were not
found. However, cyclic voltammograms and peak s of ligands are reported with
reference to the titanium complexes incorporating ligands. In this way a comparison
between the cyclic voltammograms of the free ligand the chelated complex is drawn. For
example, Basscet al,'®* in their investigation into the electrochemicalhleiour of
Ti(pyrone}X,, X = Ch, OEt, displayed the CV of the organic ligand, 2hoxy-2-methyl-4-
pyrone Figure 2.21Left), showing reduction and oxidation peaks; £-2050 mV and k=
790 and 1420 mVwE Ag/AgCI). Similarly, Bondet al,®” used an indole derivative in their
electrochemical study of a €p(O,0'-ligand) series and reported the CV of tlgand, 3-
acetyl-1-benzyl-2-hydroxy-5-methoxyindolEigure 2.21Right).

4004 Qo 142 CH3

X OMe
[ O
SR |
o [
Ho /
2004 | :.'

2 CH HO
é_. 100 ) !\"h
- A9
i) e — iy x
50pA
100 ;LP
aoo] 205
T T T T T T T T T 1 1 T 1 1 1 1 1 I
25 20 45 -10 -05 00 0f 10 15 20 -35 -2.5 -1.95 -0.5 +0.5 +1.5
£ (Vve Ag/agCl)
E/Vvs. Fc/Fc*

Figure 2.21 Cyclic voltamograms of organic ligandsft: 3-hydroxy-2-methyl-4-pyrone (pyrone) in
CH3CN/[NBu4J[PFg]*** andRight: 3-acetyl-1-benzyl-2-hydroxy-5-methoxyindole intimonitrile/[NBu,][PFg].*’
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2.6.3 Redox behaviour of Tetrahedral Ti(IV) Comple xes

2.7.3.1 d°Ti" neutral complexes

Cp2TCl, The electrochemical behaviour of titanocene Idiitle and derivatives have been
the subject of numerous studies revealing impoffieatiures. Titanocene dichloride in THF,
is reduced electrochemically in three successive-aectrontransfer stepgigure 2.22.
Three reduction peaks are observed at -1325, -2888 -2932 mV (vs Fc/F5t’® in
accordance with electrochemical data obtained ettopping mercury’’*"®platinunt’"*"
and glassy carbdff*®electrodes. It was found that the first electreduction was highly
reversible and formed a stable anion {OfCly]", while the other two reductions were only

slightly reversible at high scan rates becomingmetaly irreversible at low scan rates.

Cp,TiVCl, [Cp,Ti"Cl,]~

o
[Cp,TiCL)?~ —‘e_ [Cp,TiClo®~

<l:|.mrrmn1t/p|.A

Figure 2.22 Top: Reaction scheme for the reduction o5 TgI, corresponding t@ottom: the cyclic
voltammogram in THF/[NBWJ[PFg] at glassy carbon electrode; scan rate = 100 /5

The simple reaction scheme first proposed by Marl,'”” involving three successive one-
electron transfer step&igure 2.22 (Top)) was later modified’® At each transfer step, a
chemical oxidation of the electrochemically reduspécies (catalytic regeneration reaction)
and a chemical reaction yielding decomposition potsl were included. Although the exact
nature of the species involved in these chemieagsstvas not solved, no evidence could be
obtained for the formation of a "Tispecies or for Cp cleavage. Products connecteld wit
halogen cleavage, [GPICI(THF)]*** and [CpTiCl]",*"" have been identified.

61



LITERATURE REVIEW

The mechanism for the first electrochemical readustiT?¥ —Ti", of titanocene dihalides,
Cp.TiX, (X = Cl, Br, 1), in THF has been fully describeScheme 2.18'®? resolving the
dispute concerning whether the"Tanion, [CpTi"'Cl,]", generated from the reduction of
Cp.Ti"Cly, is stablé’®""8%r dissociates to give [Gpi" Cl] and CI.224'8° From extracted
data pertaining to electrochemically reduced sohgiof CpTiX,, it became evident that
while [Cp:TiX,] is the major constituent for X = Cl, €pX and (CpTiX), are the main
species in the case of X = Br, I. The presenc€CpiTiX), was surprising, as the solvent
THF was believed to be capable of breaking the vadaleric structure.

Cp,TiXs — = = Cp,TiXy”
) 17
Cp,TiX* + X' = = = Cp,TiX + X

4

Cp,TiX + Cp,TiX,

== (Cp,TiX), + X

(CpTiX)," + X

Scheme 2.13 Mesh scheme describing the mechanism for the etdaémical reduction of GpiXo.

Solvent studie’$® revealed that f/Ti" redox behaviour of GiCl, is strongly solvent
dependent. The following was observed; reverdiide AE, = 90 mV, ipdiyc > 0.9) in THF,
quasi-reversiblei., AE,= 100 mV,ipdipc = ~0.7) in DCM, while irreversible in CECNi.e.,
AE, = 400 mV, with a small reoxidation peak, stronghyfted to the positive direction, (see
Figure 2.23andTable 2.5.

@) (b)

o
T

Current, pA
Current, pA

R
T

1 L L 1 L | 3 . . . . L .
14 a2 10 a8 08 04 14 1.2 -0 0.8 -08 04 -02

Potential, V vs Ag / 0.01 M Ag”in AN Potential, V vs Ag/ 0.01 M Ag” in AN

Figure 2.23 Cyclic voltammograms of GiiCl, with supporting electrolyte [NBJ[PF] in: (a) THF
solution,v = 50, 100, 200 or 500 mVls(curves 1-4) i) CHsCN solution, scan rate v =100 m\?’.ls86
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Table 2.5 Redox potentials in different solventsAg/Ag” and SCE (Pt electrode and supporting electrolyte
0.2 M [NBW][PF¢] of Cp,TiCl,, CpGH4PyTiClwhere Py=(CH)sNCsH,and Fc 28

Compound Solvent | E VS Ag/Ag® E”vs SCE | E® vs Fc/Fc* » AE,
/ mV / mV / mV parpe / mV

THF -1080 -760 -1280 >0.9 90

Cp,TiCl, DCM -950 -730 -1160 0.7 100
CHLCN -800 -470 -900 ] 400

THF -1120 -790 1320 ~0.8 95

CpCsH,PYTICl, | DCM -980 -760 1190 0.7 115
CH;CN -845 -250 -945 - 425

THF 200 530 0.00 10 100

Fc DCM 210 430 0.00 1.0 100
CH,CN 100 430 0.00 10 80

These features can be explained within the framlewbrthe ‘square schent&” where the
electrochemical reduction step is accompanied éydpid substitution of one chloride ligand
by the solvent moleculeSEcheme 2.1% In the course of the reverse scan the product
(depending on the solvent used) is reoxidised; fihikess takes place in a quasi-reversible
manner in a weakly coordinating media (DCM) whitee tstronger coordinating solvent
(CH3CN) gives the reduction products which have muchenpmsitive oxidation potentials.
Several electrochemical studies on,T@l, in THF, report a reversible system with relatively
consistent formal reduction potentials’*E -1313 mV, -1325 mV¥’® -1280 mV*®® and
-1270 mVV®vsFc/Fd).

Red
Ox

Cp,TiCl, + sol Cp,TiCl,” + sol

Cp,TiCl(sol)* + CI Cp,TiCl(sol) + CI

Scheme 2.14 The ‘square scheme’ illustrating the role of thivent in the oxidation and reduction of
titanocene dichloride.
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Cp.TiQ, The electrochemical behavioaf a series of CpriQ, complexes, where Q = R,
OAr, OSiR; and CpTi(O,0O'Ar) were studied in THF with [NBi[PFs] as supporting
electrolyte’®® The reduction potentials,& of the compounds are shownTable 2.6 At

high scan rates, i.e., 1000 mV, ghe reduction is reversible. The reversibilitycases with

decreasing scan rate and is only slightly revezsibi25 mV 8.

Table 2.6 Reduction potentials of GPiQ, complexes, wher® = R, OAr, OSiR and CpTi (O,0'Ar) in
THF, potentials were relative to the standard caloziectrode, SCI;':'{38

E,c vs SCE
Compound
/ mV
) szTi(Me)z -2007
Cp2Ti(R)2

Cp2Ti(CH2Ph), -1860
Cp2Ti(OCeHs-3-Me-6-Pr'), -1680

Cp,Ti(OAr),
Cp2Ti(OCsHa-4-Me)2 -1700
Cp,Ti(OSiR3), | Cp2Ti(OSiMePh)2 -1400
Cp,Ti(O,0'Ar) Cp:2Ti(biphen) -1520

' anion was followed

It was proposed that the electron reduction trangfading to the UTi
by a rapid chemical rearrangement, leading to #ralemonocyclopentadienyl fispecies, as
shown inScheme 2.15 After bulk electrolysis, the CV of the solutiaiid not exhibit the
anodic peak corresponding to the JTP Q,] anion and an anodic peak at about -200 mV (vs
SCE) was detected, characteristic of the oxidatibthe free cyclopentadienyl anion. This
result was consistent with the chemical rearranggmpeposed irScheme 2.1%nd showed
that the reduced [GPi" Q" anion species is not chemically stable. In theecaf,
[Cp:Ti(biphen)], bearing a bidentate ligand, the reduasion was found to be more stable,

compared to the other [€iQ,] complexes, where Q = monodentate ligands.

[Cp2TiVQ] [CpTi"Q,]” —> [CpTi"Q,] + Cp~

Scheme 2.15 The redox behaviour of GpiQ,complexes, wher® = R, OAr, OSiR and CpTi (0,0'Ar) in
THF, showing the TY/Ti" reduction followed by a rapid chemical rearrangateliminating Cp
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CpTiQs An analogous series, CpTiQwhere Q = R, OAr, OSiR was studied under the

same conditions as abot®. The reduction of T{/Ti"

was followed by a rapid
rearrangement leading to the same neutral monqogutadienyl T species. In this case
the Q ligand was eliminated instead of the Cp libéseeScheme 2.15 Bulk electrolysis of

Cp:TiQzand CpTiQ, yielded the same compound (confirmed by e.sudiss) and the CV in

the case of CpTigQshowed no peak for the free cyclopentadienyl ani@a-200 mV.

[CPTIVQsl === [CpTi" Q" —— [CpTi"Q,] + @

Scheme 2.16 The redox behaviour of CpTi@omplexes, wher® = R, OAr, OSiRin THF, showing the
Ti"/Ti" reduction followed by a rapid chemical rearrangenatiminating Q.

2.7.3.2. d°Ti" cationic complexes

[Cp2Ti(B)]" Electrochemical studi®8 of a series of cationic dicyclopentadienyl
titanium(IV)-B-diketonato complexes, [GPi'YB]'CIOs in CHsCN, established that the

reduction TV >Ti"" process is a chemically and electrochemically sk one-electron

reduction, forming stable reduced species JC€PB]. The investigation by Bondt al®’ on

the oxidation of titanium(lll) compounds, [€F"

(O,0-ligands)], in butyronitrile, led to the
same redox behaviour; the expected reversible baitdaprocess at the same formal
potentials, B = -850 and -870 mVsFc/F¢ for [Cp,Ti" p] wherep=acac and ba respectively.
A probable reason for this reversible titanium eysis that [CpTi" (B)]" and [CpTi" (B)] are
both stable and structurally isomorphous and hemstructural changes occur during the

reduction of TV or oxidation of Ti'.

It was found that the titanium centre was sensitivethe electronic properties of the
substituent R-groups of thediketonato moiety (CECOCHCOR), where R = CE OCHs
CeHs CHz and Fc (se@able 2.7 andFigure 2.24. The formal reduction potential of the
titanium centre shifted to more cathodic potenta&dsthe R group of th@g-diketonato ligand
became more electron donating. The difference %invBs -635 — (-903) = 268 mV. A
correlation of B vsthe group electronegativity of the R-groyg)( demonstrated that a good

communication between the titanium centre and tuygdRps of thed-diketonato ligand exits.
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200 A
(R= °F3(4) Table 2.7 Cyclic voltammetry datas Fc/F¢ for
& [szTl(CH3COCHCORgICIO4 where R = CE
<515_150 . OCH3(5) OCH;,, CGgHs, CH, Fc!
— Free Fc
S 100 1 Hs<6> -
5 Free Hfca E AEp . .
o CH Complex XRr ipalipc
o 50 A 5 (7) /ImV | /mV
=
k& R =CF, 3.01 | -635 78 0.94
& 0 4 Fc(8) i
R = OCH; 2.64 -805 78 0.84
: § R=C¢Hs | 221 | -859 | 78 | 081
_50 1 1 ' 1 1
-1300 -800 -300 200 700 R=CH; 2.34 -864 84 0.96
Potential / mV vs Fc/Fc * R = Fc 1.87 -903 78 0.88

Figure 2.24 Cyclic votammograms of
[Cp,Ti(CH3;COCHCOR)[CIO4, free Fc and free
CH;COCH,COFc obtained in C¥CN (0.2 M

[NBu,][PFg]) at a scan rate of 100 m\>

L 67 1

Bondet al,”" in their study of [CpTi " (O,0-ligands)] complexes, showed that both the meta
and theB-diketonato ligand were electrochemically activiehe metal coordinated ligand was
irreversibly reduced at potentials between -29362@40 mVvs Fc/F¢, depending on the
ligand, to an extremely unstable radical speciesichvdecomposed to form unidentified
species. However, the decomposition of these hlesteeduced species could be slowed
down at very low temperatures, allowing the ligardiuction of CpTi(ba) to become
chemically reversible at -50 °C in butyronitrile’(E -2320 mV). It is interesting to note that
the Ti"/Ti" couple appears to be insensitive to the electrsmicture of the selected ligand
series (see series below) or the ligands possedaiselectron-donor ability, even though the

reduction of the coordinated ligand differs by -@93(-2240) = 690 mV.
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PR Py
\ O= O= OMe
/

Table 2.8 Cyclic voltammetry data (vs Fc/Be
for Cp,Ti" (0,0-ligand) obtained at a glassy carbon
electrode in butyronitrile and (0.2 M [NB{PF]).%’

Complex Ti "t Ligand red
EY/ mv Epe / MV

A -860 -2850

B -850 -2330

C -870 -2240

D -850 -2930

Figure 2.25 Above: CpTi"(0,0-ligand) complexes.
Below: CV of [CpTi(ba)] obtained in butyronitrile/
[NBu4][PFg]), scan rate of 200 mV'sat (a) 22°C and (b)
-50°C. For T{'/Ti" couple, B = -850 mV while the

reduction of the3-diketonato ligand, & = -2330 mV?’

2.7.4 Redox behaviour of Octahedral Ti(IV) Complex es

Ti(O,0O-ligand)R , Electrochemical studies of oxygen bound octahetitahium(IV)

complexes are often hampered by the instabilitycomplexes in the solvent/electrolyte

medium and resulting rapid chemical reactions. sTieported T/ —Ti"

,191,192

reduction potentials

for these complexes are very limited and inconstst

The electrochemical behaviour of dichlorobis(3-foydr-2-methyl-4-pyrone)titanium(IV),
Ti(pyrone)}Cl,, and the alkoxy analogue, Ti(pyrop@Eb in CHCIl/[NBus][PFs] were
investigated ’reversible peaks at cathodic potentialg, € -990 and -1000 mVvé SCE)

respectively were detected and assigned to tHesTii"

process. For the chloro derivative,
other reduction processes were also observed eantms Ec = -760 and -520 mV on
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subsequent scans (voltammograms not shown in grticA dimerisation process, where
Ti(pyrone}OEt was spontaneously converted to the dinuclear,yfiofpe)(U-OEty(OEt),
with ligand liberation $cheme 2.1y was observed and monitored electrochemically.e Th
reduction potentials of the monomer (reversible) dimer (irreversible) were -1000 m V and
-1550 mV ¢s SCE) respectively. The former wave was progredgieplaced by the latter
one with the addition of a cathodic peak g¢ £-2060 mVvs SCE (due to the reduction of
the liberated pyrone ligand). The crystal struesuof Ti(pyrone)Cl,, Ti(pyrone}OEt, and
Ti(pyrone)(u-OEty(OEt), were solved.

o Z o
\ /
HaC o oee f' o CHs o OH
0, r””\OEt Dimerisation EtO,, ‘ o Ou, ‘ O Z\jgi
2 Ti Ti- Ti 2 CHs
o(,‘,>OEt o | \?/ | okt \ J
OFEt
HiC A Y HiC A\ -
O~ SN

Scheme 2.17 Dimerisation of Ti(pyroneDEt to Ti(pyrone)(u-OEt)Z(OEt)4.190

The electrochemical behaviour of Ti(pyros@ly, and the pyrone organic ligand were re-
evaluated by Basset al'®* in CHsCN/[NBuJ][PF4], with a very different outcome. The
assignment of the detected waves as the reducfidheoligand or of the metal ion was
supported by cyclic voltammetry, differential pulseltammetry and controlled potential
electrolysis. The reduction processes, represehtedigh a proposed set of equations, and
corresponding cyclic voltammogram are showifrigure 2.26 The reduction processes at -
480, -720, -1520, -1900 and -2200 m¥s AgCl) were observed. The reduction wave at -
2200 mV is related to the ligand reduction, (treefligand has a reduction process at -2000
mV), while the redox process apE -480, -720, -1520 and -1900 mV are centred @n th
metal ion; -480 mV corresponds to thé" reduction and -1900 mV is a result of the
spontaneous conversion of the initial complex iatwther species through pyrone ligand
release. After electrolysis, the CV illustratechtttpeaks which were attributed to the
reduction process of the metal ions disappearedevehcathodic peak at -2000 mV for the

free pyrone ligand appeared. No chlorine ligartesstution was detected.
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40
-480 mv 720 mv 20 s
. . - +e” . _ _ B 2 e
[Ti"V(py)2Clo] [Ti"(py)oClal” =——= [Ti"(py)2Cl2)* o] s 2 sSe===
€ 20 g
e = A 0y
-1520 mVv -1900 mV z 4] f;' ~ B oz 4
i e - = 80 Lot = HaC No
[Ti'(py)Cla] + py =— [Ti'(py),Cl,] . /o 0, 10
] | T
-100 | O/‘ B "¢l
;N HsC A P
-120
22 1,90 oA
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2.5 =20 -1.5 1.0 0.5 o0 0.5
(a) E {V vs AgCl)

Figure 2.26 Left: Proposed set of equations representing the redmesgs of Ti(pyronelLl, andRight:
the corresponding cyclic voltammograth

Another titanium(lV) complex with pyrazolonato ligds, i.e., TIQOCH,CH,CHzs),, Q = (3-
methyl-4-neopentylcarbonyl-1-phenylpyrazol-5-onat@s reported to have,&= -1710 mV

(vs Fc/F&) 2 for the TV reduction.

Studies examining the redox behaviour df Ti tetranuclear oxo-bridged compounds of the
form [Ti(x-O)(O,0O-ligand)]s (seeFigure 2.27), indicate irreversible behaviour with,&&=
-1940 mV s SCE) forA'*® and reversible behaviour with,E= -1460 mV ys Fc/F¢) for

B.2? In both cases all four Ti atoms undergo the sproeess and are indistinguishable.

P

monomer monomer \

o HsC
W=D T ] —N N= Ph

N N-Ph N - "\'\CI
g N »

Ph g o 0 (/) Ph . /°~~~L~~C'
/O,AT_/ \ 20—

o, T, wol HC~ Ao RN P~CHs [ —pn

@/ \\D S T
o)

o N=N—p, ph—N"N
Ph
o . NN o Ph~n—y
N / (o | o)
O\‘ TI O/TI '”O HaC ?.Ti’O Tiv, CH3
\O\\I\ /\/O’
PH ‘7 o o ‘\) Ph
Ph Ph Vanil
7 “Nepp, N
; Ph
— =
HyC B CHs

Figure 2.27 Tetranuclear titanium(IV) species of the form [FD)(O,0-ligand)],. A = [Ti(x-0)4(3-0xy-2-
methyl-pyran-4-onatg), andB = [Ti,(u-O)4(4-benzoyl-3-methyl-1-phenylpyrazol-5-onafle) The spacial
arrangement of the ligands are not accurately septed.
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Results and Discussion

3.1 INTRODUCTION

Two distinct types of O,0'-bidendate ligands,, mono-ionicp-diketonato ) and bi-ionic
aryl-diolato (L) ligands, have been chelated taniiim(IV), forming tetrahedral, [GBi(B)]",
Cp.Ti(L), and octahedral, T).Cl, and Ti@)2(L), complexes. A schematic representation of
the ligands and classes of complexes synthesisedhawn irFigure 3.1

(@) O,0'-donor ligands

B = B-diketonato anion ———————— L = aryl-diolato anions ]
©q ©@ O P S P
- O
R = CHjs tfaa L51 cat L"! biphen L8 mbiphen

CHy(CH3) tfma
CH(CHg), tfdma

Oq P % & % P
C(CHy)s  titma Q
CF3 hfaa
wr OO0 00
C4HsS it

Ph tfba L>? naph L72 binaph L82 mbinaph

(b) Ti(IV) complexes

— Tetrahedral — — Octahedral E—
[Cp.Ti(R)]* Cp,Ti(biphen) Ti(B),Cl> Ti(B)(L)
H R H R
g, 5,
\ O O‘C' O'?l"#(\\
i N “i
@/\o o I o 1N
H R H R

Figure 3.1 (a) 0,0-donor ligands used in the synthesis of (b) Ti{@d)nplexes of the form [GPi(p)]",
Cp,Ti(L), Ti(B).Cl, and Ti@)2(L).
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Titanium(IV) containing fluorinated3-diketonato ligands are the focus compounds, with
selected othep-diketones being used for a comparative studyis Important to note that
there are significant differences when dealing witlorinated -diketonato titanium(1V)
compounds compared to the non-fluorinated anolaguesr example, the strong electron
withdrawing power of the GFgroup makes th@-diketone a poorer electrophile, which in
turn makes chelation more difficult. Secondly, Thé= bond (B¢ = 581 kJ mol) is the only
bond stronger than the Ti-O bondr(E = 478 kJ mol);* this can result in favouring the Ti-F
bond formation as apposed to the Ti-O bond, leadin¢prge scale side products (lower
yields) or no product formation. Fluorinated titan (IV) compounds are also much more
sensitive to hydrolysis, which results again in éowyields and dramatic decomposition
effects. This series of compounds has proved tmfbeonsiderable interest because its
behaviour is in a number of respects strikinglyfeddént from that of the non-GB-

diketonato analogues.

The synthesis, characterization and propertieexfd organometalic complexes are discussed
in Section 3.2 Characterisation of the complexes is performgapectroscopic’d NMR

and F NMR), spectrophotometric (IR and UV), microanalgt, electrochemical and
crystallographic methods. The three dimentionalicstire of some of the products,
determined by single crystal X-ray diffraction, idescribed in Section 3.3 and
electrochemistry inSection 3.5. Reaction kinetics is reported i®ection 3.4 A
computational study has been done on selected aomipdo further the understanding of the

structural, kinetic and electronic properties st complexes.

The electronic structure of the complexes in astistural series is varied by manipulating
the electron density around the metal centre. iBrashieved by changing the R group on the
B-diketones, for exampleZF;COCHCOR with R = CHs;, CHy(CHs), CH(CHg),, C(CHb)s,
C4H30, GHsS, Ph and Cf chelated to the titanium complex. The group tetergativities

of these R groups range from 2.10 to 3.01 on thelyscale (se@able 3.1). The variation

in electron density on the central coordinatingahetan be correlated to parameters such as
'H NMR chemical shifts &), formal reduction potential @}, kinetic rate constants ),

carbonyl stretching frequencieg§) and calculated ionisation potentials (IP).
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3.2 SYNTHESIS ano CHARACTERISATION oF COMPOUNDS

3.2.1 0O,0'-Donor Ligands

3.2.1.1 B-Diketones

Two phenyl-containing-diketones,PhCOCH,COR, R = GH3S (Hthba)[1] and GH4NO;
(Hnba)[2], were prepared by the Claisen condensation obphehone and the appropriate
ester, under the influence of the hindered basi@uin diisopropylamide (LDA) $cheme
3.1). Acetophenone and LDA were stirred under antiagnosphere at 0 °C for 30 minutes
to abstract a methyl proton of acetophenone. Alfteraddition of the ester (ethyl 2-thiophene
carboxylate or methyl 4-nitrobenzoate), the reactinxture was stirred at room temperature
for 16 hours yielding the condensation product iBcipitation of the-diketone lithium salt.
The synthesis is completed by the acidificationtla# B-diketone anion, generating Hthba

(thenoylbenzoylacetonel]Jand Hnba (nitrophenoylbenzoylaceton®)respectively.

o @*(?Hchi o
LDA 11 . Et\o S stir 16 h
THF, 0°C [olS) \ / RT
©/§ cal|  or MeOOC(CHNO,)

@ [

R=
O OH
©\[2]
R
NO,

Scheme 3.1 Synthetic route for the synthesis of phenyl-coritaji-diketones, Hthb§l] and Hnbd2].

The cleaning procedure of Hnba was extensive aragh efter purification by column
chromatography, a mixture of Hnba and a by-prodowthyl 4-{[(1Z)-1-benzoyl-3-0x0-3-
phenyI—prop—l—en—l—yI]amino}benzoa%avyas eluted. The pufediketone was obtained oa.

5 % vyield by fractional recrystallisation from DMF.The by-product, present in high

concentration, was isolated and shown to havettbetsre indicated ifrigure 3.2

79



RESULTS AND DISCUSSION

Figure 3.2 The structure of by-product in the synthesis O
of Hnba: methyl 4-{[(1Z)-1-benzoyl-3-0x0-3-phenytop-
1-en-1-yllamino} benzoate.

The crystal structures of both Htimnd Hnb4 have been determined and the publishéd
NMR characterisation is the same as is found is #tidy. TheH NMR spectra of the
synthesize@-diketones are shown relative to thes@Ralogues iFigure 3.3 The spectra
are very similar except for the addition of the pyfleesonances and downfield shifting of the
methine proton (relative to the €R&nalogues). Physical properties of all fhdiketones
utilised in this study are listed rable 3.1

o OH

@ (b)

NO,

I )L L

T T T T 11T T 1T T T 7T R=CFs . T 1T 17 1T 17T 71T 7
88 84 80 76 72 68 6.4ppm 88 84 80 76 72 68 6.4ppm

Figure 3.3 'H NMR spectra ofa) the thenoyl- (Hthba and Htfth) aifiol) the nitrophenoyl- (Hnba and
Htfnb) containing3-diketones.

NMR Characterisation NMR is a powerful diagnostic tool as it providegormation
about the chemical environment of a nucleus. Tlostnmportant single parameter to be
derived from the NMR spectrum is the chemical skt of a magnetic nucleus. It is
influenced by two major factors; (ajductive effect, where a strongly electronegative atom or
group attached to or near a magnetic nuckieshields the nucleus resulting in downfield
shifts (inductive shift) and (bpnisotropic effect, where conjugated systems supporting
induced electron currentsleshield the magnetic nucleus close to the plane of thg, rin
resulting in downfield shifts (ring current shift)These trends are observed in the ligied

diketone series'i chemical shift of the methine proton are listedable 3.1).
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Table 3.1 Physical properties dg¥-diketones;*H and**F NMR chemical shiftsd), of the CH and CF
respectively, group electronegativitysj of the R groups and pK

B-diketone 'H:CcH 'H:CcH ¥F: CF,
R Xr® pK . 5 /ppm 5/ ppm 5/ ppm
CDCl3 Acetone-ds CDCl3
CF;COCH,COR
Series 1:
Htfaa CHs 2.34° 6.30° 6.00 6.20 -76.82
Hhfaa CF; 3.017 4,718 6.40 6.62 -76.55
Htfth C4HsS 2.10 6.50° 6.45 6.89 -75.74
Hitffu C4H30 - - 6.49 6.67 -76.12
Htfba Ph 221" 6.3° 6.59 6.95 -76.49
Htfnb PhNO, 2.11° -- 6.64 7.10 -
Series 2
Htfaa CHs 2.34° 6.3° 6.00 - -76.82
Htfma CH,(CH3) 2.31%° 6.64™" 5.95 - -76.60
Htfdma CH(CHs), 2.29% 6.80" 5.95 - -76.65
Htftma C(CHa)s 22712 7.134 6.05 - -76.50
PhCOCH,COR
Hba CHs 2.34° 8.70° 6.19 6.50 -
Hitfba CFs 3.017 6.3° 6.59 6.95 -
Hthba [1] CaHsS 210° 9.01° 6.71 7.16 -
Hdbm Ph 221 9.35° 6.85 7.30 -
Hnba [2] PhNO, 2.11° 8.02° 6.92 - -
CH;COCH,COR
Hacac CHs; 2,345 8,956 5.50 - -
Hmaa OCHs 2.64% - - - -

(a) xr(Gordy scale) group electronegativity values fraferences indicated
(b) pK,values from references indicated
The relative downfield shiftA, of the methine proton, when the electronegativitythe R
group is increased fromy,, = 2.34 toy ., = 3.01, is
For CFsCOCHCOR with R = CH; (6 = 6.00) to CE (6 = 6.40) A=0.4
ForPhCOCH,COR withR=CH; (6 =6.19)to CE(6 =6.59) A=0.4
Thus one observes a relative downfield shift ofif.Both cases.
Similarly, if the aromaticity is increased (withmor changes to the electronegativity of the R
group, i.e.,x ey, = 2.34 toy 5, = 2.21),
For CF;COCHCOR with R = CH; (6 = 6.00) to Ph = 6.59) A =0.59
ForPhCOCH,COR with R = CH; (5 = 6.19) to Pl{ = 6.85) A = 0.66,
the realive downfield shift is approximately 0.6.
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In general, chemical shifts can be roughly coreslato the electronegativity of the
substituents (known as the group electronegativityt)in the case of the abopediketones
series, no correlation exists because two factmribute to the deshielding of the CH signal.
This leads to, for example, the methine protorCBECOCH,COPh (8 = 6.59) being futher
downfield shifted relative t€F;COCH,COCF; (6 = 6.40), even though the electronegativity
of the substituent groups, i.exp, = 2.21 andy.,= 3.01, shows the opposite trend. In

conclusion, chemical shifts are correlated todéshielding of the magnetic nucleus and thus
the only observable trend is the downfield shiftofighe methine proton resonances with the
combined effect of increasing electronegativétyd increasing aromaticity of substituent

groups.

F NMR spectra were taken of the fluorinaediketones § listed inTable 3.1). Fluorine
chemical shifts span a very wide range (500 ppm)pared to that of proton (10 ppm) and in
general are significantly more sensitive to charnigeslectron density. The position of the
CF; resonances (~76 ppm) referenced against £iBQ@orrect for a C-Cffunctional group.
However, it is evident that the g@Fenvironment is not affected significantly by the
electronegativity or aromaticity of the substituBnggroups. The bond distance of the R group
to the CE fluorine nucleus (5 bonds) is much larger than Rhgroup to the CH proton (3
bonds), i.e., a difference of two bond lengths. isTdifference is reflected in the relative
chemical shifts of thg-diketones series, i.e., the relativéd @hemical shifts, spanning a
range of 0.6 ppm (out of 10 ppm fid NMR), seeFigure 3.4 is more significant than the
CF3 chemical shifts of 0.6 ppm (out of 500 ppm ¥ NMR).

| P
i Htfba X::éi/c\(E%C\(l: -
J( Htfth H
Jt Htffu 1,T_| 19T:
JL Hhfaa
ENUNEUSUSUE U LU Htfaa

68 66 64 62 60 58 56ppm

Figure 3.4 ComparativéH NMR spectra (CDG) of the methine proton (CH) of the fluorinatgdiketones:
Htfaa, Hhfaa, Htffu, Htfth and Htfba
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3.2.1.2 Dihydroxy-aryls

These dihydroxy-aryl ligands all have irritant/toxiroperties. Comparativiél NMR spectra
are shown irFigure 3.5 The OH (oxygens) in this series, feed electrensity into ther
system making it more electron-rich relative to zmre. Hence the replacement of two H
atoms by OH groups in benzene yielding 1,2-dihygbexzene (catechol), results in an
upfield resonance shift of the ring protons, frénx 7.27 tod = 6.8 — 6.9 (ring protons
shielded relative to those of benzene). The amidif the second fused ring forming naphthol
results in a downfield shift relative to catechaledto enhance aromaticity. The same trend

(with the addition of the second fused ring) iseryed for the other dihydroxy ligands used

H H HO  OH HO OH
H{}H shielding H@*H deshielding 4 Q H
H H H H H O H
H

benzene catechol H naphthol

in this study.

CDCl3
CH,

B H,mbinaph

b ﬁ H,mbiphen

_Jl Hsbinaph
T m ‘ H,biphen
4J_U} | Hanaph
h “ I8 H,cat
I ' I I I I T I I I I I
8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 ppm

Figure 3.5 Comparison ofH NMR spectra of dihydroxy-aryls. (Structures shawFigure 3.1(a)).
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3.2.2 Tetrahedral Complexes

3.2.2.1 Mono-B-diketonato-Ti(IV) complexes: [Cp »Ti(B)]"

The series of new big{-cyclopentadienyl)-mon@diketonato)titanium(IV) salts of the form
[CpTi(B)]"ClO;~ with p = CFsCOCHCQR, R = CH; (tfaa)[3], C4HsS (tfth) [4], C4H30 (tffu)
[5] and Ph (tfba)6] was synthesised according to the reaction destiib8cheme 3.2 The
synthesis ofCp.Ti(hfaa)] failed with side reactions dominating. The secsedes, witH =
PhCOCHCR, R = CH; (ba)[7], CFs (tfba) [6], C4H3S (thba)[8], Ph (dbm)9] was prepared
to incorporate a wider range of group electronegas. The synthesis of [Gpi(nba)] with

R = Ph-NQ also failed. Previously synthesised, jTifacac)f [10] and [CpTi(maa)[ [11]
were included.

HO
+ + \
@ @ cl- @ clo;
\ C \ OHz \ OHz

Tid H,0 / THF Ti. 2 AgClO, Ti
SRS Ol R O

(and other aquated (and other aquated
species) species)

Scheme 3.2 Synthesis of the monp-diketonato titanium(lV) salts of the form [€Fi(B)]"ClO,", [3] - [11].
The aquated species depicted above is one of $@easible species which exist in solution (Seheme 2.3,
Hydrolysis of titanocene dichloride).

The synthesis of these mofiediketonato titanium(IV) salts is based on an amuetathesis
reaction (which is driven by precipitation of onketbe products), followed by f-diketone
substitution reaction. An important step is theaten of titanocene dichloride (€RCly).
In pure water Cgl'iCl, hydrolyses completely with the displacement oftthe CI, forming a
wide range of cationic species, that include JH0)(OH)]", [Cp:Ti(H-0)(H.0)]*,
[Cp.Ti(OH),] (see Scheme 2.3Hydrolysis of titanocene dichloride). Addition ailver
perchlorate (AgCI@) removes the Clions by precipitating silver chloride (AgCl) whitbe
aquated perchlorate titanium salg., [CpTi(H,0)(OH)]'ClO,” remains in solution. Finally,
the pB-diketone replaces the hydrolysed leaving grouprmiiog an ionic species,
[Cp2Ti(B)]"ClO,", with CIO;” as the counter ion. Only one bidentgitéigand could be
coordinated to the Gi' moiety, even with the addition of high concentratbf p-diketone

in the final step, it was impossible to producelifgechelate.
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No base or hydrogen acceptor was required forréastion because the chelation of fhe
diketonato to the titanium(lV) centre was facil@dtby two factors. Firstly, the better leaving
group (OH or H,O) replaced the Clgroups of the parent, €fCl, and secondly, the-

diketone exists chiefly as the more reactive eaaiadmer.

The syntheses of these mopraliketonato complexes were complicated by the uisibty of
the B-diketones in water. This problem was overcomenaans of a mixed solvent system,
using 1:2 ratio of LO/THF. Initially it was thought that the aquatiofhtitanocene dichloride
was essential for a successful reaction, but it veasd that these salts could also be
synthesised in anhydrous THF. Other solvent, &@M, acetonitrile and chloroform, were
tried without success. Both,& and THF have similar coordinating sites, Begure 3.6 (a),

a property playing an important role in this soieatprocess. For example, instead of

hydrolysis in water, a similar solvated speciedade formed as illustrated Figure 3.6(b)

H + —\ 7+
w v AL (@0
H™ H T Ti
@ %/\m %\m
H,0 THF

@ (b)

Figure 3.6 (a) The coordination sites of 8 and THF andb) possible solvated species with,TiCl,.

Slightly better yields were obtained when solvewsre degassed and the reaction was
performed under N(to remove any free ) but the most critical factor was the amount of
AgClO, used; an excess of AgCJ@ompletely destroyed the reaction, possibly duéhé&
catalytic or redox properties of Agn. A second factor affecting the yield was tyyee of 3-
diketone; on average the yield was at least 209% fier p-diketones containing a GRgroup
compared to non-GFcontaining B-diketones. When th@-diketones containing two GF

group,i.e., Hhfaa, was used, no product was obtained.

An alternative synthetic route, a substitution teacin which thep-diketonato ligand in
[CpTi(B)]" is exchanged for anothprdiketone (se&cheme 3.Bcould only be performed for
complexes where the incoming@-diketone contained R groups which were less

electronegative than those of the leavipgliketonato ligand. For example, producing
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Cp:Ti(acac)] from [Cp:Ti(tfba)]” was possible. The reaction was followed by NM@ iV
(Figure 3.7). However the attempt to synthesise the hightgtebnegative hexafluoroacetyl-

acetone salt, [Gi(hfaa)]’, from any other salt, was again unsuccessful.

*clo,”

(0] OH
RMCH

Scheme 3.3 Alternative synthetic route of [GPi(B)]* complexes, th@-diketone substitution reaction;
[Cp.Ti(B")] "CIO4 + HB* — [Cp.Ti(B?)]"CIO, + HB*

(@) _
Uncoordinated [Cp,Ti(ac ac)]* (b)
Htfba

N /
J 044} [Cp2Ti(acac))”
NIy N /
LU 0.2 )]+
e L“ 0.1 1

+ 0.0 T T T 1
MMJ <— [Cp.Ti(tfba)] 450 500 550 600 650

t=0g ‘ Wavelength / nm
min ppm

Absorbance

Figure 3.7 The substitution reaction, [GRi(tfba)]"ClO,” + Hacac— [Cp,Ti(acac)[ClO,” + Htfba observed
by (a) '"H NMR (acetoneds) and(b) UV (time between scans = 10 min)

All the synthesised salts were insoluble in watexane and diethyl ether, slightly soluble in
organic solvents such as chloroform and DCM, arldbé® in acetone, THF and ethanol.

However, dissolving the product in ethanol causedodhposition of the product by the
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splitting off of one of the cyclopentadienyl ringsThe [CpTi(B)]" cation is sensitive to

moisture in solution, but has been found to belstabthe solid state for more than two years.

NMR Characterisation  Since the chelated complexes were salts, a rsobferelatively
high dielectric constant was required; CB@ = 4.8) gave very poor spectra due to poor
solubility, while acetonels (¢ = 20.7 ) was found to be more than adequiteNMR spectral
data of the synthesised perchlorate salts andribeandinated3-diketones are compared in
Table 3.2and the'H NMR spectra of the GF-diketones series are shownFiigure 3.8

i HP position
[Cp,Ti(tfba)] *
N :
i Hp position
U L] [Cp,Ti(tfth)] *
A
. HB position
| | Ll [Cp,Ti(tffu)] *
A
; Hp position
i [Cp,Ti(tfaa)]
ppm e 1 7

Figure 3.8 'H NMR spectra (acetongy) of CF;-B-diketone containing [Gii(B)]* perchlorate salts with =
tfaa[3], tffu [5], tfth [4] and tfba[6]. The pseudo-aromatic system generated whep-thketonato ligand
coordinates to the Ti(IV) centre results in the mveg proton (marked\, red) shifting downfield relative to the
uncoordinatedB-diketone (marked in blue). The presence of a &rcharge also leads to substantial
deshielding.

The'H NMR spectra consist of three groups of signalse cyclopentadienyl (Cp) protons
(singlet,d ~7.1 ppm), the methine proton of teliketonato ligand (singlet, betweér6.99 —
7.89 ppm) and the R group protons CBCH;, Ph, GH30, GHsS). The intensity ratio of
the first two signals is 10:1; the third is varigckording to R groups. The following general
trends were observed:

» The electronic properties of the R groups of prdiketonato ligand don't significantly

influence the cyclopentadienyl ring (Cp resonanagesg froms 6.99 to 7.16 ppma = 0.17
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ppm) but has a large effect on the methine prothichvvaries fromd 6.90 to 7.86 ppmA =
0.96) for the series. The change in R groups caslsfts in the position of the methine ring
proton due to electronic communication through@i€ bonds in th@-diketonato backbone
via conjugation.

« The Cp chemical shift of [GBi(B)]" (5 ~7.1 ppm) is significantly downfield shifted
compared to neutral parent compound,Wpl, (6 6.66 ppm) and related &p(biphen)
complex § = 6.34 ppm, see spectruBection 3.2.2.2 The large downfield shift can be
supported in terms of the presence of a formaltpescharge which leads to substantial
deshielding.

» The methine proton of the chelated ring is doeldfishifted by ~0.6 ppm relative to the
uncoordinate@-diketone (se@able 3.2andFigure 3.8). This is due to thpseudo-aromatic
system which is generated when faeliketone coordinates to the Ti(IV) metal. Thedstof
the electrochemical behaviour of [(B)]" and HB supports this viewSection 3.5.3.1)a
comparison of the CVs (sdegure 3.70 shows that the coordinatgd-diketonato ligand is

more electron-rich relative to its uncoordinatedraerpart.

Table 3.2 *H NMR chemical shifts (acetort) of the Cp and methine protons of the synthei€peTi(B)]"*
complexes. The spectra of the fluorinated li{)]" complexes are shown Figure 3.8 where the methine
proton of the chelate@i-diketonato ligand are shown in red and the undoatddp-diketone is shown in blue.

Cp,Ti(B)'ClO, Free B-diketone
Compound R 'H/ppm 'H/ppm A (A-HB) / 'H/ ppm
[Cp.Ti(B)]'CIO Cp CH (A) ppm CH (HB)
Acetone-ds Acetone-ds Acetone-ds

CF;-B-diketones (CF;COCH,COR)

[Cp,Ti(tfaa)]”  [3] CHs 7.08 6.90 0.70 6.20
[Cp,Ti(tffu)]” [5] C4H30 7.13 7.18 0.51 6.67
[Cp,Ti(tfth)]" [4] C4HsS 7.13 7.38 0.50 6.89
[Cp,Ti(ttba)]”  [6] Ph 7.16 7.55 0.60 6.95

Ph- B-diketones (PhCOCH,COR)

[Cp,Ti(ba)]* [7] CHs 6.99 7.20 0.70 6.50
[Cp,Ti(ttba)]”  [6] CF3 7.16 7.55 0.60 6.95
[Cp,Ti(thba)]"  [8] C4H3S 7.06 7.74 0.58 7.16
[Cp,Ti(dbm)]”™  [9] Ph 7.06 7.86 0.56 7.30
(CH3COCH,COR)

[Cp,Ti(acac)]” [10] CHs 6.90 6.35

[Cp,Ti(maa)]® [11] OCHs 7.00 5.66
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Infrared Characterisation  Characteristic vibrational frequencies for tBgJTi(B)]"ClO4
salts and the parent compound TGl are listed inTable 3.3 The bands expected for the
various bonding modes of cyclopentadienyl groupgehbeen compiled by Huggins and
KaesZz® and Fritzt® Cyclopentadienyltitanium compounds show strongdsain their
infrared spectra at ~3100 &m(C-H stretch), ~1320 ci(C-C stretch), 1020 c(C-H
deformation in-plane) and ~820 ém(C-H deformation out-of-plane). The vibrational
frequencies assigned to the Gl@roup as a “free” anion, are ~1095 tifvs) and ~620 cm
(v4).}” This is in contrast to the bands expected forkibeding modes of the perchlorate
group bound to titanium, for example, inLECIO,), the vibrational frequencies assigned to
the CIQ group are: 1130 vs, 1072 vs, 1009 vs, 920 w,6a4d 460 w® Identification of
the vibrations arising from the cheldgtaliketonato ligand is quite complex and in thisdstu
only the p-diketonato C-O stretchvo), has been identified. A complete evaluation and

assighment of the vibrations fpr= acac was done by Doyle and Tobfas.

The infrared spectra of [GPi(B)]'CIO4 for B=acac and tfaa are illustrated Figure 3.9,
highlighting the typical bands for the bonding med# the Cp and Cl9groups and th@-
diketonato C-O stretchvdo). Infrared spectra can be used to indicate ss@aesoordination

of the p-diketone to the GfTi%* moiety by the absence of the single carbonyl (CviBration
band of the uncoordinatgddiketone, in the finger print region of 1800 — D681". The IR
data (se@able 3.3 is consistent with th@-diketonatato ligand chelating through the oxygen
atoms and the perchlorate group, €lGxisting as a counter ion and not directly bontted

the titanium.

[Cp,Ti(acac)] "

[Cp,Ti(tfaa)] *

veo cp clos CP cp Clos”

S 'S S S
1700 1500 1300 1100 900 700 500
Wavenumber

Figure 3.9 Infrared spectra of §-CsHs) Ti(B)] *ClO,™ for p=acad10] (assignments according to Doyle and
Tobiag®) and tfag3] (this study).
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Table 3.3 Infrared data for several bis(cyclopentadienyljiiten (IV) compounds.

B-ligand Cyclopentadienyl ring Perchlorate

[Cp2Ti(B)] "CIO,~ Veo Va Vb Ve Vd V3 Va
cm™ cm™ cm™ cm™ cm™ cm™® cm™
tfaa [3] 1592 s 3103w 1289 1019 841s 1091 vs 620 s
tffu [5] 1578 s 3103w 1309 1015 835s 1094 vs 620 s
tfth [4] 1566 s 3106 w 1288 1015 840 s 1093 vs 620 s
tfba [6] 1554 s 3101 w 1290 1015 833 s 1091 vs 620 s
acac [10] a 1547 s 3108 w 1320 1019 836 s 1094 vs 620 s
maa [11] 1562 s 3105w 1295 1015 831s 1090 vs 620 s
ba [7] 1542 s 3108 w 1328 1015 836 s 1090 vs 620 s
thba [8] 1519 3107 w 1305 1016 850 s 1090 vs 620 s
dbm [9] 1511 s 3113w 1329 1013 826 s 1093 vs 620 s

CpTiCl, -- 3114w 1363 1014 852s -- --

vs-very strongh, s-strong, m-medium, w-weak
vco = C-0 stretchyz= C-H stretchyp = C-C stretchyc= C-H in-plane deformationjg= C-H out-of-plane
deformationa anst3 ,v4 -degenerate frequencies.
& similar values obtained for [Gpi(acac)[CIO, in reference 19.

3.2.2.2 Mono(aryl-diolato) Ti(IV) complex: Cp

2 Ti(biphen)

The neutral bis(>-cyclopentadienyl)-mono(aryl-diolato)titanium(IV)omplex of the form

Cp.Ti(L) with L = Hzbiphen[12], was synthesised in relatively low yields (25 &)cording
to the method described for [(B)]'CIOs (seeScheme 3.1 The alternative method of

treating CpTiCl, with the ligand in the presence of a basgNBt and refluxing for 3 hours

produced the product in even lower yields.

C \ \\\\\CI

.
i

S

H,0 / THF
—_—
2 AgCIO,

H+
@\ OH ClO4

Ti

!

\OH - 2 AgCl

(and other aquated
species)

:8 Q
=

O
v O

Scheme 3.4 Synthesis of CiTi(biphen). The aquated species depicted abowrdf several possible

species which exist in solution (s8eheme 2.3Hydrolysis of titanocene dichloride).
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Cp:Ti(biphen) is insoluble in water and hexane andlsiel in chloroform, DCM, acetone and
THF. It doesn't decompose in MeOH and EtOH byttapdj off one of the Cp rings, like in its
[Cp2Ti(B)]" counterpart. It was found to be stable in thedssthate for more than three years.

NMR Characterisation ~ TheH NMR spectrum of CfTi(biphen)[12] is shown relative to
that of the uncoordinatedbiphen inFigure 3.1Q The product spectrum consist of two
groups of signals: the cyclopentadienyl (Cp) pretdgsinglet,d 6.26 ppm, 10H), and the
aromatic protons of the aryl-diolato ligand wittt@nsity ratio of 4:2:2 (m, t, d), a&t 7.26,
6.93 and 6.68, compared to the 2:2:4 (t, d, m)epatatd 7.36, 7.33 and 7.07 in the
uncoordinated ligand. The disappearance of thaglleeOH protons in the spectrum [d2],
compared to the uncoordinated ligand, suggeststtieabidentate ligand is chelated through

the two oxygen to the Ti(IV) centre.

The following general trends were observed:

» The Cp chemical shift of Gpi(biphen) ¢ 6.26 ppm) is upfield shifted compared to parent
compound, CgIiCl, (6 6.66 ppm). This indicates that the biphenolatanid is more
electron-donating than the chlorine ligands.

» The aromatic protons of the chelated biphenotaigs ¢ 7.26, 6.93 and 6.68 ppm) are
upfield shifted relative to the uncoordinated liga@ 7.36, 733. and 7.07 ppm). This
indicates that electron density is pumped into lilghenolato aromatic systema the Cp

system in the coordinated dp(biphen) complex.

M Jdm Hobiphen
J W u . Cp.Ti(biphen)
73

T T T T T
71 6.9 6.7 6.5 6.3 ppm

Figure 3.10 'H NMR spectra of CfTi(biphen) and the uncoordinatedhiphen ligand.
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3.2.3 Octahedral complexes

3.2.3.1 Bis(B-diketonato)-dichloro Ti(IV) complexes: Ti(  B).Cl,

The series of new big{diketonato)dichlorditanium(lV) complexes of the form [T3}.Cl]
with B = CFsCOCHCGR, (Series1): R = CH; (tfaa)[13], CF; (hfaa)[14], C4HsS (tfth)[15],
C4H30 (tffu) [16] and Ph (tfba]17] and(Series 2): R = CH; (tfaa) [13], CHy(CHs) (tfma)
[18], CH(CH), (tfdma)[19], C(CH);s (tftma) [20], were synthesised according $osheme
3.5 Ti(ba)Cl, [21],%° Ti(dbm)Cl, [22]*° and Ti(acagCl, [23]?}, originally synthesized by
Fayet al., were reproduced for comparative reasons.

0, WGl
. CHCl3/ Ny /A O, 1 o~
Tl - 2HCI (g) 1/Ti'\5

ol l ,,,,, (o]

Scheme 3.5 Synthesis of Tif).Cl, complexes witl = tfaa, hfaa, tfth, thfu, thba, tfma. tfdma, afttha.

TiCl4 (1 eq) was added slowly to a stirred solutionhed appropriatg3-diketone (2 eq) in
DCM or chloroform under an inert atmosphere. Theas an instant colour change from the
clear 3-diketone solutions to yellow (for complexes with=RCF; and CH), orange (R =
CHy(CHj3), CH(CH),, C(CHg)s and Ph) or reddish (R =483S and GH30). Stir for 20 min
with a slow stream of dry nitrogen passing throubé solution to aid the evolution of
hydrogen chloride gas. Then reflux for 2 h for 8wid B-diketones (R = Ph, £13S and
C4H30) and ¥z h for the liquig-diketones (R = Ck CH,(CHs;), CH(CHs),, C(CHs)s and
CFs). Hexane was added until the reaction mixturegdrmilky and then it was allowed to
precipitate slowly overnight in the freezer. Thequct was obtained from the filtrate in the
case of (hfaa, tfaa, tfma and tfth) and from thecmitate in the case of (tfba, tffu and tftma).
Ti(hfaa)Cl, was a mixture of products and only after the crometure was allowed to stand

in the freezer for 10 days, was it possible to sstpaout the pure product.
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Lower yields were obtained for the £€ontainingB-diketones compared to others. It may be
ascribed to any of the factors described earliex,, ithe CE[-diketones are poorer
electrophiles (due to the strong electron withdrgwiCF group), which in turn makes
chelation more difficult or the interference of Hibond formation as opposed to the Ti-O
bond formation or the increased sensitivity to lofgbis. Although different reaction
conditions all led to some frg¢ediketone, it is advisable to use shorter reactiimes so as to
reduce the exposure time for hydrolysis and oxiaati For example, in the synthesis of
Ti(acac)l, increasing the reaction time from 10 minutes to htirs resulted in severe
oxidation and hydrolysi& Cleaning the products of uncoordinafediketone proved to be
very difficult. Removal of fregd-diketones of lower boiling point&.g., Hhfaa (70-71 °C)
and Htfaa (105-107 °C) however, was done by redpcessure evaporation. The complexes
are soluble in dichloromethane, chloroform, acetidej slightly soluble in acetone and nearly

insoluble in diethyl ether and saturated hydrocasbo

The complexes are pleochroic, displaying differentours when viewed from different
directions. These colour changes are due to #ngepdf polarisation being either parallel or

perpendicular to the crystal plafe The colour variations observed were red-orandiewe

Stereochemistry Octahedral Ti§)Cl, complexes exist in different isomeric forms
depending on the symmetry of tRediketonato ligand. Symmetricftdiketoneseg., p =
hfaa (R = Ck), could yield two possible isomers, ods and onerans isomer (sed-igure
3.1)

b !
F3C
o, | W
__________________ S R I -4
7 | A
@) Cl
brc—y ©
a
H CF3
cis (Cp) trans (Dop)
1ring H and 2 CF3 1ring Hand 1 CF3

Figure 3.11 The stereochemistry of octahedral Ti(hf&i) with symmetric-diketones, showing the two
possible isomers and the numbeftéfand*°F NMR signals.
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Asymmetric B-diketones,e.g., B = tfaa, tfma, tfdma, tftma, tfba, tfth, tffu (R €Hs,
CHy(CHj3), CH(CH),, C(CHg)s, Ph, GH3S and GH3O respectively), could yield five possible
isomers, threeis and twotrans isomers (seé&igure 3.12. The isomers are referred to by
three prefixes which specify the relative positiistly of the CI, followed by the relative
orientation of the Cf£and R groups of th@-diketone ligand respectively. The symmetry

elements and the expected NMR signals are shoWwigure 3.12

c
=0, ‘ £0—=
. o, . . . . . o/‘ \O
H H H FaRe
! ; v
R \ % FsC \ 0 R \ 0 trans-cis-cis (C,,)
Oy, ‘ o Oy, ‘ WC Oy, | &€ 1ring H, 1 CF5, 1R
Ti S T = T ']
O/‘ \CI O/‘ \CI O/ \CI -
FaC—(. FaC—. R\g/z
by R ay R ay CF3
cis-cis-cis (Cy) cis-cis-trans (Cy) cis-trans-cis (Cp)
2ring H lring H lringH
2CFzand 2R 1CFzand 1R 1CFzand 1R

trans-trans-trans (Cy,)
1ringH,1CF3 1R

Figure 3.12 The stereochemistry of octahedralfJiCl, with asymmetrig—diketones, showing the five
possible isomers and the number of expetitednd'*F NMR signals.

NMR Characterisation ~ Selected room temperatui¢ NMR spectra are shown Figure
3.13and the chemical shift data for the methine pretohthe chelated and uncoordinafed
diketone in Tif).Cl, and H3 respectively, are listed ifiable 3.4 The proton spectra of
Ti(acac)Cly, Ti(ba)Cl,and Ti(dbm)Cl, reveal a single methine resonance, while all thg C
B-diketonato analogues show two resonances in ththimee region (and two sets of
corresponding peaks for the R groups) indicatirag ttwvo NMR distinguishable complexes
(markedA and B) are present. All documented B)Cl, complexesexist in solution as
nonrigid cis geometrical isomers showing a single methine protesonance at room
temperature. The new fluorinated @)iCl, complexes of this study, appear to behave in a

strikingly different manner.
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CDCl3
A
NJ{\J\ B
Ti(tfba) »Cl> _

J:L
B
Ti(tfaa) 2Cl, o
L
Mm
A

Fluorinated Ti(B).Cl, products
exist as two NMR distinguishable
complexes, A and B.

Ti(ba) -Cl>

Non-fluorinated Ti($3).Cl, products
exist as one complex, A.

Ti(acac) oCl>

LU LU L L L L
8280787.67.47.27.06.86.66.46.2ppm

Figure 3.13 Selected room temperatuitd NMR spectra (CDG) of Ti(B).Cl, complexes in the methine
region showing the existance of two complexXesndB, in the Ch-B-diketonato complexes with= tfaa and
tfba andonly one complexA, in thenon-Ck-p-diketonato complexes with= acac and ba.

'H NMR measurement of complexandB show the expected downfield shifta(0.4 and
0.25 ppm forA andB, respectively) for the methine proton of the metalate ring, relative
to the uncoordinate@-diketone. ThefB-diketonato ligand forms a six-membered, planar
chelate ring with the metal, where the transitioetah participates in the aromatic system by
forming n-bonds. Thus the downfield shift is due to thesatiopic effect of thgseudo-
aromatic system generated when fhdiketonato ligand coordinates to the Ti centrehe T
downfield shifts of ~0.4 ppm for resonanaeis comparable to the downfield shifts @&
Ti(acac)Cl,, Ti(bapCl, and Ti(dbm)Cl, relative to the uncoordinateitdiketone. Since it
has been shown that the complexesB)il, with B = acac, ba and dbrare in thecis-
conformatior?'?° peakA is assigned to the signal for this-geometric isomers. Compléx

is ~0.25 ppm up-field shifted relative o Two possible structures for compl8xare the
trans-isomer or a dimeric structure. These room tentpezaspectra are time averaged
spectra and do not reveal the true nature of corapke andB or the stereochemistry of this

octahedral complex.
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Table 3.4 *H NMR chemical shift data of the methine protonsij@or the chelated and uncoordinafed
diketones in Ti§).Cl, and H respectively.

Ti(B).Cl, Free B-diketone
1 1
H/ppm A (A-HB) H / ppm
Compound Colour A (A-B
P CH A8 1 4\ (-Hp) CH (HB)
(a) CFz-B-diketones:
Series 1

- A =6.40 0.40
Ti(tfaa).Cl, [13] Yellow B = 6.04 0.16 0.24 6.00

. A =6.80 0.40
Ti(hfaa),Cl, [14] Yellow B =670 0.10 0.30 6.40

. A =6.82 0.37
Ti(tfth),Cl,  [15] Red B =663 0.19 018 6.45

. A =6.93 0.44
Ti(tffu),Cl,  [16] Red B =674 0.19 0.25 6.49

. A=7.05 0.46
Ti(tfba),Cl,  [17] Orange B =6.84 0.21 0.25 6.59

Series 2

. A =6.40 0.40
Ti(tfaa).Cl, [13] Yellow B =624 0.16 0.24 6.00

. A =6.38 0.43
Ti(tfma),Cl, [18] Orange B =622 0.16 0.27 5.95

. A =6.37 0.42
Ti(tfdma),Cl, [19] Orange B =622 0.15 0.27 5.95

- A =6.48 0.43
Ti(tftma),Cl, [20] Orange B =634 0.14 0.29 6.05
b) Non-CF;-B-diketones
Ti(acac),Cl, [23] Orange cis 6.00 - 0.50 5.50
Ti(ba),Cl,  [21] Red cis 6.67 . 0.48 6.19
Ti(dbm),Cl, [22] Red cis 7.35 - 0.50 6.85

Variable temperature NMR  Room temperature NMR spectra are time-averagedtisp
of a rapidly isomerising T)-Cl, mixture and it is only by lowering the temperatthat one
can observe the individual isomers on the NMR tsoale. The results obtained for variable
temperatureH and **F NMR spectroscopy are discussed together, bectgse provide
information about the sanfediketonato fragment of the complex. Peak posg#iand ratios,

related to the methine protons (CH) and; @fups, are presentedTiable 3.5

96



CHAPTER 3

Symmetric Bdiketone Ti(hfaa).Cl;: *H and ' NMR spectra of Ti(hfaall, in the
temperature range of RT to -50 °C, are showrFigure 3.14 where the two observed
structures are markedl andB. At room temperature there are two methine péaksand
By) and two corresponding (overlapping) {3¥eaks Acrs andBcrs). As the temperature is
lowered, the effect on complex andB is strikingly different. For compleR, the methine
resonanceAy, remains a singlet and the £fésonanceAcrs, splits into two equally intense
lines. This low-temperature one-line methine awd-line CK spectra of structur@ is
consistent with compleXA having thecis configuration in solution (se€igure 3.14 and
Figure 3.11). Coalescence of the @Fesonances is due to a rapid exchange proces$ whic
interchanges GF~groups between the two nonequivalent sites of diseisomers. Two
separate peaks were visible only after the temperatas lowered below -10 °C (known as
the coalesence temperature). Raising the temperahove room temperature only results in
sharper peaks. For compl&x both By andBcgs transform from a single peak, through a
broad, structureless peak into multiple peaks.s Tnot consistent with compl&«being the
trans isomer, because one expects the methine- and Eee€onances,By and Bcrs
respectively) to remain single peaks with tempeetowering. The temperature lowered

NMR spectra is, however, consistent with comeeing a dimeric structure.

1 19
H F
A
B A B overlaps with A in the *°F
RT L spectra until A splits into 2
peaks.
B appears as a broad hump
\ , and only starts splitting as
0<C N the temperature is lowered.
J_A; 20<C J‘A_Jk_‘;
jL\ -40 C m

<—— A splits into 2 sharp peaks

_J/L/; -50 C <— B splits into small multiple peaks

T T 1 I T T T 1
6.9 6.7 ppm 73 74 75 76

Figure 3.14 Variable temperature NMR spectra (CRQif Ti(hfaa)Cl, in the methine region fdH NMR
spectra and the GFegion for'°F NMR spectra. Temperature range: RT to -50 °C.
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Asymmetric SB-diketone Ti(tfaa),Cl,; 'H and *F NMR spectra of Ti(tfaall, in the
temperature range of 40 °C to -50 °C, are showiguare 3.15 where the two complexes are
markedA andB. At room temperature, tHel NMR spectrum shows two methine peaks (
andBy) and corresponding methyl resonanogg,g andBcps, hot shown irFigure 3.15 in
the correct ratio of 2:6 and tH&F NMR spectrum shows two overlapping {3#eaks fcrs
and Bcrg). As the temperature is lowered, resonances ofptex A (An, andAcgg), first
broaden, then form shoulders and finally split itlie four expected peaks for the thoee
isomers Figure 3.15andFigure 3.12. For complexB, both By andBcgs transform into

multiple peaks, consistent with complexhaving a dimeric structure.

H B g
A : . 19
A and B B overlaps with A in the ~F
10 °C spectra until A splits into 2
L peaks.
0T B appears as a broad hump
and only starts splitting as
the temperature is lowered.
RT
—___J\__'/L 20 C
M 40 T
M 50 T
T T T T T T T T T T
6.55 6.50 6.45 6.40 6.35 6.30 6.25 6.20 6.15 -73.5 -74.0 -745 -75.0 -75.5p}

Figure 3.15 Variable temperature NMR spectra (CRQ¥f Ti(tfaa)Cl, in the methine region fdH NMR
spectra and the GFegion for’F NMR spectra. Temperature range: 40 °C to -50 °C

All the fluorinated Tif).Cl, complexes with asymmetrfizdiketonato ligands, show the same

pattern in the low temperature spectra, Sgeire 3.16, i.e., peakAy, andAcgs split into two

to four peaks (temperature lowering below -60 °€eded for complete peak slitting, is

limited by the freezing point of CDg1-63.5 °C) andy, andBces spilt into multiple peaks.

This is consistent with compleXx having thecis configuration and compleB having a
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dimeric structure in solution. DFT calculations thie isomer distribution of these F)¢Cl.
complexes witlg = tfba, ba and dbm (s&ection 3.2.3.2pp 111) also indicate that complex
B is nottrans isomer(s). The relative equilibrium concentrasioi§e) of thecis-isomers,

determined from peak integrals, are showmable 3.9

Table 3.5 'H and'®F NMR chemical shifts of the methine proton (CH§i&@F; of cis-Ti(B),Cl, complexes,

at T =-60 °C Values shown in blue are the relative contributiohthe indicated signals (%) of the thigs
isomers.

1 Ne of 19 Ne of
Compound H/CH ppm Peaks F/CFs  ppm Peaks

a mmetrics-B-diketones

(@) Sy ica-B-dik
6.85 -73.39, -73.49

i 1 ’ 2
Ti(hfaa),Cl, [14] (100) (50.0), (50.0)

(b) Ansymmetric-B-diketones

. 7.16, 7.13, 7.12, 7.10 -73.39, -73.49, -74.52, -74.55

4 4
Ti(tba)Cl, — [17] (18.5), (24.6), (38.4), (18.5) (16.1), (25.8), (16.1), (41.9)

. -73.48, -73.57, -73.62, -74.55

Ti(tffu)Clo — [16] - - (15.3), (11.5), (22.7), (50.5) 4
-73.31, -73.52, -74.39, -74.43

i - - ’ ’ ’ 4
Ti(tfth).Cl, - [19] (14.3), (57.1), (14.3), (14.3)

. 6.54, 6.53, 6.51, 6.47 -73.47, -73.76, -74.71, -74.88

4 4
Ti(ttma),Cl, - [20] (40.0), (24.0), (24.0), (12.0) (24.4), (39.0), (24.4), (12.2)

. 6.45, 6.44, 6.43, 6.40 -73.60, -73.86, -74.83, -74.98
Ti(tidma),Cl, - [19] (41.1), (23.2), (23.2), (12.5) 4 (21.3), (36.2), (21.3), (21.2) 4
Titfma).Cl 18 6.48, 6.47, 6.46 - -73.56, -73.80, -74.74, -74.77 .

i(ttma)Cl, - [18] (24.3), (53.7), (22.0) (21.5), (40.9), (21.5), (16.5)
Tifttaa).Cl 13 6.52, 6.51, 6.50, 6.49 . -73.66, -73.72, -74.80, -74.83 .

(tfaa),Cl, - [13] (26.3), (26.3), (23.7), (23.7) (24.3), (30.8), (24.3), (20.6)

, 6.77, 6.76 "H/CHg 248, 247, 237
Ti(ba),Cl 21 2% ' ' 3*

i(ba).Cl,  [21] (27.9), (72.1) (17.4), (27.9), (54.7)

* Temperature lowering below -60 °C, needed for ptate peak slitting, is limited by the freezing ipobf
CDCl; (-63.5 °C).
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H
JML Ti(ttba) 2Cl2

Ti(tf‘fu) -Cl»

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Ti(tfth) 2Cl>

,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,Jw Ti(tftma) 2Cl2
,,,,,,,,,,,,,,,,,,, J{N Ti(tfdma) »Cl2
S k ,,,,,,,,, Ti(tfma) 2Cl»
,,,,, M Ti(tfaa) 2Cl>

r T T T T T T T T T f T T T
71 7.0 69 68 6.7 6.6 6.5 6.4ppm -73.5 -74.0 -74.5 -75.0 ppm

T

Figure 3.16 Partial'H and"°F NMR spectra (CDG) of Ti(B).Cl, complexes wit = tfba, tffu,, tfth, tftma,
tfdma and tfaa, at T = -60 ¢C

Ke

Equilibrium It was found that equilibriuna B exists. The equilibrium constant,

defined byK. = [B]/[A], may be determined by calculating the ratio adkpentegrals of the
non-overlapping corresponding methine signalseftdiketonato ligand in TR).Cl,) of A
andB. The variation of th&. with temperature for the equilibrium may be math&oally
quantified by the van't Hoff equation

InK,, :Ianl—Alr?H (Ti_Tij
2 1

whereK.; andKc,; are the equilibrium constants at temperatureand T, R is the universal
gas constant anfi,H the reaction enthalpy The graph of InKvs. 1/T should be lineét
with slope = AiH/R. Figure 3.17illustrates this linearity for [Ti(tfball,] and [Ti(tfaa)Cls)].
The thermodynamic quantities “Gibbs free enerdyG, and reaction entropy,S, may be
calculated from the equatiodsG = -RTInK. andAG = AH - TAS?* Results at 298K are

summarized iMable 3.6
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0.8 1 0.5
(a) (b)
0.6
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= ¢ = 0.3
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10° T/ K? 10° T/ K?

Figure 3.17 Van't Hoff plot: temperature dependence @ffét the equilibrium position between theandB
of the(a) [Ti(tfba),Cl,] and(b) [Ti(tfaa),Cl,] complexes. The black markers representmtdifferent
temperatures when heating the solution and thenagiters In K when cooling the solution

Table 3.6 Thermodynamic values at T= 298 K fok Ke B observed in tHel NMR spectrum of
CFs-containing Ti),Cl, complexes.

Ke AH AG AS
Complex 1 1 By
kJ mol kJ mol J mol " K
Ti(ttba),Cl,  [17] 1.12 10 -0.3 33
Ti(tfaa),Cl, [13] 0.79 3 -0.7 12

The 'H NMR spectrum of a very concentrated, fresh sanopl@i(tfaa)Cl,, contains only

peakA and with dilution, peaB immediately appears (s€&gure 3.18(a)).

(a) cocl, . (b) B

A A
dilute 4 1 )\_JL old * —A'/L/\_
conc. 1 i fresh /\ A\

r T T T T T T T 1 f T T T T T T T 1
74 72 70 68 66 64 6.2ppm 65 64 63 62 61 6.0 59ppm

Figure 3.18 'H NMR spectra of Ti(tfaall,in CDCk showing(a) concentrated equilibrium effects afi)
the slow equilibrium (and decomposition) over time.
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The A:B ratio on the dilution cycle is concentration degemt. However, the reverse process
could not be followed successfully because whilecemtrating the sample by evaporating the
solvent under a stream of Ar, the sample decompo$edddition to the fast (concentration
dependent) equilibrium, a slow (time dependent)ildgium exists in whichA (in a fresh
sample) slowly converts ® reaching equilibrium,A =—= B, aftefeav days at constant
temperature and concentratioRigure 3.18(b))

If the fluorinated Tig),Cl, complexes (which exist as an equilibrium mixturge tbe
monomericcis-Ti(B)2Cl, (A) and proposed dimeric compl&x are converted to Ti(acal,
via p-diketonato substitution, then complBxdisappears (observed t NMR).

cis-Ti (B)2Cl, A + dimerB _Hacac_  ¢js.Tj (acac), Cl, + Hp
excess

This is consistent with the existence of an eqrililn betweenA andB; as the monomeric
cis-Ti(B)Cl, transforms tocis-Ti(acac)Cl,, the dimeric complexB converts back to
monomericcis-Ti(B).Cl,, followed by the completion of the substitutioracgon in which

cis-Ti(acac)Cl, is the final and only Ti product.

Hydrolysis The fluorinated Tf{).Cl, complexes are extremely moisture and oxygen
sensitive but are stable if sealed and stored uiwdgm, at room temperature. They appear to
be more stable in the solid phase, than in solutmwobably because solutions are more
susceptible to atmospheric oxygen and water vapblawever, in either case, if exposed to
atmosphere, the complex converts to a fine, wioteder, titanium dioxide (Tig), consistent
with the complete hydrolysis and decomposition, ppsed by Keppler and Heifn.
Hydrolysis occurs in different stages; the easigrblysable CI groups, substitute rapidly,
followed by the relatively slower substitution diet3-diketonato ligand. The replacement of
the p-diketonato ligand is observed by the developmehttubidity caused by the
precipitation of TiQ.

Scheme 3.6adapted from the hydrolysis reaction proposebgpler and Hein?®> shows
the hydrolysis of T#§).Cl, under different conditions. When [B)¢Cl, complexes are
exposed to minor quantities of water, dimeric ra®eric structures form. The replacement
of one CT group with HO (developing a Ti-OH bond with the removal of HG$) followed
by the formation of a Ti-O-Ti bridge in the dimestructure. The replacement of both ClI
groups results in the oxo-bridged tetramer Geleeme 3.Y.
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. excessive .
Ti (B)2 X, H,0 o2

+H,0

Dimer

[Ti (B)2 (H,0) XI* X == Ti (B), (OH) X | -2~ Formation

+H,0

Tetramer

[Ti (B), (OH) (H,0) 1" X al Ti (B), (OH), --_--HZ-(-D» Formation

Scheme 3.6 Hydrolysis of Ti@),Cl, under different conditions

The balance equations for the dimerisation andr&trisation are
4 Ti(B),Cl, + 4H20 - 8 HCl —— [Ti(B)2 (L-O)l4

O, ‘ ﬁo\\o

Ti i
RAL TN
. O O 3

::" ? Dimer : (‘)

O”_j_\\QH Formation O, T OCI/I T_..&\\\O
: [N —O—Ti
b(g}dl o Y N

O///,, ‘ Ne}
Tet O\’“T-/O\T-yo =
Fgrmglﬁ)rn CO// I \I\o>

(o] O

(o] [ _O0—
Lt o 2>

o" | e

o Q.

Scheme 3.7 The hydrolysis reaction of T,Cl, with minor quantities of water, showing the forinatof
dimeric {Ti(B).Cl}, (x-O) and tetrameric [T),(1~O)], structures.

The formation of the dimeric, {Ti(hfagBl}(~O) and {Ti(tfaa)Cl}(1+O) and tetrameric,
[Ti(hfaa)(1+0)]4, crystals is rapid and can be observed visuallysfal structures shown in
Section 3.3.2.2and Section 3.3.2% The oxo-bridged complexes appeared to be
considerably more stable to atmospheric moistina the monomeric Tpj.Cl, complexes.
They are insoluble in CHglas opposed to the monomers which dissolve reaalilg, only
after the crystalline compounds were crushed amateleto 60 °C, coullH NMR spectra of
the dimeric and tetrameric complexes be takenKgpee 3.19.
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Tetrameric crystals redissloved
in CDCl3, T=50 C.

LE
= Hydrolysed oxo-bridged dimeric crystals
redissolved in CDCl;, T =50 €, showing
A A and B and other unknown peaks.
B
A ——B

6.8 6.6 6.4 ppm

Figure 3.19 'H NMR spectra of Ti(hfaall, as a monomer, dimer and tetramer.

Proposed Dimeric structure The proposed structure Bt shown inFigure 3.2Q is of
the same form as the hydrolysed oxo-bridged dimgriecture, {Ti(hfag)Cl}(u-O) (crystal
structure shown inSection 3.3.2.2) The high temperaturéH NMR spectrum of the
hydrolysed dimer (se€igure 3.19, shows two peaks that correspond to monomesc
Ti(hfaa)Cl, (A) and proposed dimeB) and other unknown peaks. Although tHisNMR
spectrum does not conclusively indicate whethesthecture of compleB is the same as the
hydrolysed dimer, it does however, agree with thie@ing the same structure. If the
hydrolysed dimer, {Ti§).Cl} 2(u-O), and equilibrium dimeB are identical, one would expect
to observe the monomerts-Ti(hfaa)Cl, (A) in the spectrum, sinck is in equilibrium with
B. However, if the hydrolysed dimer and equilibrisimerB are not identical, it would be
difficult to explain whyA andB are present in th&H NMR spectrum of the crystalline
hydrolysed dimer. The unknown peaks are likelpéodecomposition products, which are

expected, since the crystals were crushed in tka agmosphere.

The equilibrium between monomarand dimeB would imply the breaking and forming of
Ti-O and Ti-Cl bonds. This is conceivable since sitrength of the Ti-O and Ti-Cl bonds are
very similar, i.e., 478 and 494 kJ rptespectively:*®

R

Dimer B R F3Q Monomer A
{Ti(B)Cl2(1-0) /<—< >1 /<—< TiB)1,Cl,
o} e} ; ; o}
FsC R FsC
" «Cl
o, ‘_y\\\\\\CI \ WO cocl, ) O, \
/TI—O- i B /T|\
o ‘ cl ‘\o Hz0 o ‘ cl
F3C\</<0 O. \__R (trace amount) FaC~. ‘O
R FsC R

Figure 3.20 Possible structure for complBx{Ti( B)-Cl} 2(u-O) in equilibrium withcis-Ti(B).Cl, whenp =
fluorinatedp-diketonato ligand.
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3.2.3.2 Bis(B-diketonato) ,-(biphenyldiolato) Ti(IV) complexes: Ti( B).biphen

The series of new bi{diketonato)biphendiolatotitanium(lV) complexes tfie form
Ti(B)2biphen withf3 = CFsCOCHCQR, (Series 1): R = CH; (tfaa) [24], CR; (hfaa)[25],
C4HsS (tfth) [26], CH3O (tffu) [27], Ph (tfba)[28] and Geries 2): R = CH; (tfaa) [24],
C(CHg)H; (tfma) [29], C(CHs).H (tfdma)[30] and C(CH)s (tftma) [31], was synthesised in
high yields according t&cheme 3.8 Non-CR-containing complexes, i.e., Ti(ba)phen
[32], Ti(dbmybiphen[33] and Ti(acagpiphen [36], were also synthesised to extend the
ligand-exchange equilibria studies, including tixehenge of non-CF3-diketonato ligands
and also to confirm the products in the substitutionetics of Ti),Cl, + Hbiphen —
Ti(B).biphen + 2HCI, wher@ = ba, dbm, tfba.

2 * SN CHyCN/Ny/ A O, 1 WQ

?/Ti P - 2HCl (g) i/lTi 3

o L\m HO g o’ L\o
R\</E R\</E
R R

Scheme 3.8 Synthesis of T{f).(biphen) complexes, with = tfaa, hfaa, tfth, tffu, tfba, tfma, tfdma, tftma
acac, ba and dbm.

The starting material Tp).Cl, was prepared by treating TiOlith two equivalents of the
appropriate-diketone and isolated and purified by recrystatlen before use (se®ection
3.2.3.). The reaction of TR).Cl, with 2,2'-biphenol in 1:1 ratio in GEN yielded the
mixed ligand complex, Ti)z(biphen). Even with the use of higher ligand mtid:2 or 1:3,
the reaction yielded Tpj2(biphen) rather than a product possessing more b
biphenolato ligand in the coordination sphere of This is similar to what was found for the
reaction between Ti(aca€)l, and 1,1-methylene-di-2-naphttfdl. The fluorinated
biphenolato complexes are soluble in DCM, chlonafpacetonitrile, acetone, slightly soluble
in methanol, diethyl ether and nearly insolublehexane and ¥D. The solubility of the
fluorinated biphenolato complexes differs from gwubility of the non-Ck analogues, for
example, Ti(tfagpiphen and Ti(tfbapiphen are soluble in acetonitrile while Ti(aghg)hen
and Ti(ba)biphen are poorly soluble.
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NMR Characterisation Selected'H NMR spectra at room temperature are shown in
Figure 3.21 and the chemical shifts of the methine protonsliated in Table 3.7, where
values for the uncoordinateitdiketone (enol) are included for comparison. Hpectra
consist esssentially of the biphenol ring prot@rsanged in the ratio of 2:2:2:2, ina (d, t, t, d)
pattern, compared to the 2:2:4, (d, t, m) pattarthe uncoordinated liganéigure 3.5); the
methine protons, a singlet, integrating for two @he corresponding resonances for the R-
groups of theB-diketone ligands. The disappearance of the pief@H protons, suggests
that the bidentate biphenolato ligand is chelatedugh the two oxygens to the Ti(IV) centre.

The'H NMR spectra, are consistent with a mononucleacsire of Tig),biphen.

CDCls methine
w/\\ -
Ti(tfba) 2biphen
methine Fluorinated Ti(B).biphen complexes
y'd show one structure in solution.
Ti(tfaa) 2biphen “ J l'l n
methine
MMMK g
Ti(ba) 2biphen
methine Non-fluorinated Ti((3).biphen
o complexes also show one structure
in solution.
Ti(acac) zbiphen —J‘Aw .

[ NN I NN S EAN I L L BN B B I
80787.674727.06.86.66.46.26.05.8ppm

Figure 3.21 Selected room temperatuitd NMR spectra (CDG) of Ti(B);biphen complexes in the methine
region, withp = acac, ba, tfaa and tfba, showing that botHltlwinated and non-fluorinated complexes exist as
monomers in solution.

The chemical shifts of the chelated, biphenol prsteemain relatively constant for the entire
series of complexesndicating that the electronic environment of thesg protons is not
influenced significantly by the R groups of theliketones. This is in contrast to the methine
proton which varies fromi 5.78 ppm (acac) to 7.18 ppm (dbm), reflectingdimect influence

of the R-groups of thp-diketones. The chemical shifts of the methingg®f Ti(3).biphen
and the parent compound, f){Cl,, are downfield shifted bga. 0.2 to 0.3 ppm (se€able
3.7 andca 0.4 to 0.5 ppm (sedable 3.4, respectively, relative to the corresponding
uncoordinate@-diketone. In both TR).biphen and T{f).Cl,, a pseudo-aromatic system is

generated when thediketonato ligand coordinates to the Ti(IV) cerdred thus, a downfield
106



CHAPTER 3

shift (relative to the uncoordintaed ligand) is ested. However, one can conclude that the
chlorine ligands affords more deshielding than thiphenol ligand in these bps{(
diketonato)Ti(IV) complexes, since the methine protof Ti(3).Cl, is shifted futher
downfield than Tig).biphen.

Table 3.7 H NMR chemical shifts for the methine protons (Ghijhe chelated TR),(biphen) complexes
and the uncoordinateidiketone.

Ti(B),biphen free B

Compound Colour 1@;;;;/1?1 A (A-HB) 1;_'/ E’SE;
CF;-B-diketones:

Series 1
Ti(tfaa),biphen [24] Deep red 6.21 0.21 6.00
Ti(hfaa),biphen [25] Deep red 6.61 0.21 6.40
Ti(tfth),biphen  [26] Deep red 6.67 0.22 6.45
Ti(tffu),biphen  [27] Deep red 6.78 0.29 6.49
Ti(tfba),biphen  [28] Deep red 6.89 0.29 6.60

Series 2
Ti(tfaa),biphen [24] Deep red 6.21 0.21 6.00
Ti(tfma),biphen [29] Deep red 6.20 0.25 5.95
Ti(tfdma),biphen [30] Deep red 6.21 0.28 5.95
Ti(tftma),biphen [31] Deep red 6.33 0.27 6.05
Non-CF;-B-diketones
Ti(acac),biphen [36] Orange 5.79 0.29 5.50
Ti(ba),biphen  [32] Red 6.49 0.30 6.19
Ti(dbm),biphen [33] Red 7.18 0.33 6.85

Hydrolysis  The biphenolato complexes exhibit high hydraliability and are “air stable”
for more than 3 years. The solution stability wested under the same conditions as Keppler
and Hein?® i.e., 0.01 % water/C¥CN, and it was found that the biphenolato complekes
not precipitate within 4 weeks compared to the Ildichcomplexes which precipitate within

seconds.

A batch of single crystals grown from Ti(hfdaiphen, yielded the oxo- and biphenolato-
bridged dinuclear, {Ti(hfaga)(1-O)(p-biphen) complex, shown Figure 3.22 Ti(lV) has a
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d° configuration and thus a highly oxophilic natur&i(hfaapbiphen is more susceptible to
oxygen-bridging and dimer formation (than the othiphenolato complex in the series), since
the strong electron withdrawing influence of thexdftuoroacetylacetonato ligand further

depletes the electron density around the Ti(IV)}reen

Figure 3.22 Hydrolysed dimeric structure, {Ti(hfag)(u-O)(u-biphen) with a bridging biphenolato ligand
(seeSection 3.3.2.3or crystal structure).

When selected dinuclear crystals were redissolve@€DCk, a mixture of monomer and
dimer was identified byH NMR spectroscopy. After 2 days the solutionl selvealed a
mixture of both monomer and dimer. Since the bafatrystals appeared to be uniform, (i.e.,
all the crystals had the same deep purple/red calod a similar shape) and the six crystals
selected for a single crystal study all gave thedimensions of the dimer, it was assumed

that the entire batch was of the dinuclear forrthansolid state.

Stereochemisty  Ti(3)2X> complexes can theoretically adoptia andtrans orientation,
but once the two monodentate ligands are replagdtébichelating 2,2’-biphenol, only the
cis geometry is possible. For symmetrically substdu®i(3).biphen complexese@., p =
hfaa, R = CB), there is only oneis isomer, while for asymmetrically substituted coaxas
(eg., p = tfaa, tfma, tfdma, tftma, tfth, tffu and tfbattwiR = CH;, CHx(CHj3), CH(CH)a,
C(CHa)s, C4H3S, GH30 and Ph respectively), there are three possiblsomers (se€igure
3.23. In order to keep the naming of the isomers sbast with the Tig).Cl, nomenclature,
three prefixes, specifying relative positions, ased; first the relative position of the chelated
oxygen atoms of biphenol, followed by the relatireentation of the Cfand R groups of the
B-diketone ligand respectively. The symmetry elethemd the expected NMR signals are

shown inFigure 3.23
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(a) Symmetric B-diketone (b) Asymmetric B-diketone |
a
H CF3 ay CF3 ay R ay CFg
be N O R/ZL—QO O F Cﬁo 0
O//,,,I ‘ \\\\\\O O//,/,/ ‘ ~‘\\\\\O 8 O////, ‘ \\\\\\O Oy, ‘ \\\\O
L R e an a | "
Tt L, v 11 v
N
X o/‘\o o/‘ o o/‘\o o/‘\o
Fac—~ 9 Fc—(  ? Fe—( ¢ R—(. ©
CcFy” R 7
H 8 b 4y R ay CF3
cis (Cp) cis-cis-cis (Cy) cis-cis-trans (Cp) cis-trans-cis (Cj)
lring H 2ring H 1 ring H 1 ring H
2CFs 2CFzand 2R 1CFgand 1R 1CFzand 1R

Figure 3.23 The stereochemistry of octahedral fJipiphen complexes witia) symmetricf—diketonato
ligands andb) asymmetrigi—diketonato ligands, showing the possible isomarsthe expected number
and*°F NMR signals.

Variable temperature study  In order to observe the individual isomers om MR time
scale the temperature was lowered to the solvemt 6f -60 °C. The results obtained by
variable temperaturéH and ®F NMR spectroscopy are discussed together, bectugse
provide information about the sarfaliketonato fragment. Peak positions and ratielsted

to the methine protons (CH) and £¥foups, are presentedTable 3.8

Asymmetric S-diketone Ti(tfba).biphen: 'H NMR spectra of Ti(tfbapiphen in the methine
region and temperature range of 25 °C to -60 °€ shown inFigure 3.24 At RT, the'H
NMR spectrum shows one time averaged methine (@dk.p As the temperature is lowered,
the resonance first broadens, then form shouldetdinally split into the four expected peaks

for the threecisisomers.

RT

.
e -20C
_ N 40T
Figure 3.24 The'H NMR spectra (CDG) of M

Ti(tfba),biphen in the methine region and f T T
temperature range of RT to -60 °C. 7.00  6.95 6.90 ppm

-60 T

T
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All the Ti(B).biphen complexes with asymmetfiediketonato ligands, show the same pattern
in the low temperature spectra, (deigure 3.25 for fluorinated complexes),e., the CH
peaks split each into two to four peaks (tempeeatowering below -60 °C, needed for
complete peak slitting, is limited by the freezimgint of CDC},-63.5 °C) and the GRpeaks
split into four peaks. This is consistent with thiéf3).biphen complexes being monomeric
and having theis configuration. The relative equilibrium concetivas (%) of the threeis-
isomers of Tig).biphen complexes witlf = tfba, ba and dbm, calculated from the peak

integrals, are shown ifhable 3.9

19
4 methine peaks 4 CF; peaks F

l " l

J”L, _____________________________________________ Ti(tfba) zbiphen —/UL
______ e
___________ Y
.................... —_/ML\ Tl(tﬂma) zbiphen NML
______________________ ¢ Ti(tfdma) 2biphen JI—JUM
,,,,,,,,,,,,,,,,,,,,, . JL Ti(tfma) zbiphen wL
,,,,,,,,,,,,, . : J Ti(tfaa) 2biphen VJL

T T T
7.0 6.8 6.6 6.4 6.2 ppm -73.5 -74.0 -74.5 -75.0 -75.5 ppm

Figure 3.25 Partial'H and°F NMR spectra (CDG) of Ti(B),biphen complexes witB = tfba, tffu, tfth,
tftaa, tfdma, tfma and tfaa, at T = -60.°C

Isomer Distribution of Ti(  B).Cl, and Ti(B).biphen complexes
If a statistical distribution of threeis-isomers exists, the relative equilibrium concetires
will be 50 %cis-cis-cis, 25 % ciseis-trans and 25 %cis-trans-cis and four equally intense

resonances are expected.
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Table 3.8 'H and'®F NMR chemical shifts of the methine proton (CH}§i &F; of Ti(B).biphen complexes,
at T =-60 °C. Values shown in blue are the reéationtributions to the indicated signals (%) & threecis-
isomers.

Compound 'H/CH ppm Ff‘:afs YE/CF;  ppm F[‘l:a(l)(fs
Unsymmetric-B-diketones

e AR TR
e AR -- :
netnhen 28] | o0 oig ene | T | uze, oo, e, aze) |
g | 58 g | e [
om0 | sy sy ? | ez oo, sz 0 |
e Y AR AR
S R R
Ti(ba)sbiphen  [32] (2256:;’ (295;) Zf_fz) 5 | H/CHs (225221) (:11; (2'31;) 3

* Temperature lowering below -60 °C, needed for ptate peak slitting, is limited by the freezing mobf
CDCl; (-62.5 °C).

Density functional theory (DFT) calculations wemarged out on the different isomers of the
dichloro- and biphenolato- bjsdiketonato)Ti(IV) complexes, Tpj.Cl, and Ti@)2(biphen)
with B = tfba, ba and dbm (Ph series). The validity he# tlensity functional method was
obtained by comparing the calculated data with kmasingle crystal X-ray diffraction
structural data of Ti(bafl, [21]?® and Ti(ba)(biphen)[32]. The root-mean-square distances
(RMSD) calculated for non-hydrogen atoms for thetlibree-dimensional superposition of
calculated structures on experimental structurae @ qualitative measurement of the
accuracy of the ground state geometry of the cafed| structures. Excellent agreement
between experimental and theoretical structurebtained as reflected by the RMSD values
of 0.061 and 0.041 A fd21] and[32] respectively. Overlay of the calculated and sstate
structures are presented kigure 3.26 The bonds were reproduced by DFT calculations
within 0.01-0.07 A for Ti-O bonds, within 0.00 -0Q. for O-C bonds and within 0.01-0.02 A

for C-C bonds from the experimental values. Stm@parisons of experimental metal-ligand
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bond lengths with calculated bond lengths belovireshold of 0.02 A are considered as
meaninglesé’ the computational method used thus gives a goeduat of experimental
bond lengths. The O1-Ti-O2 angles were calculaiszirately within 1.2°. Structural data
computed with this computational method for relatechpounds may therefore be presented

with an extrapolative equally high degree of accyra

Figure 3.26 An overlay view of the calculated (solid) and terimental (dashed) X-ray determined
structure of Ti(ba)Xl, [21] and Ti(ba)biphen[32]. All the unmarked molecules are C. H are omifted
clarity.

The relative energies of the threis isomers of each complex clearly highlight the getmn
preferences and by applying the Boltzmann equatigopulation analysis of the isomers
distribution was done. The calculated isomer ilistrons together with the experimentally
observed populations (which are assigned accotdinige calculated isomer distribution) are
given inTable 3.9 It was found that the geometry of the lowestrgmésomer of bott21]
and [32] was the same as the isomer that crystallised frolatisn. A generally good
agreement is obtained between the experimentalgergbd isomer distribution and the
calculated values. Npte: The isomers of complexes with asymmefidiketonato ligands
are referred to by three prefixes which specify thkative position firstly of the Cl (or
chelated O atoms of the biphenol), followed by rilative orientation of the GKor Ph if no
CFR; present in complex) and lastly, R groups offikdiketone ligand respectively).
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Table 3.9 cCalculated and experimentally observed isomeribligion of Ti(),Cl, and Ti@),biphen
complexes.

Compound Isomer % %bzi;\gd %gé)SNe'\;IVsd % Calculated
Ti(tfba),Cl, [17] | cis-cis-cis 37.0 32.2 39.5
cis-trans-cis 24.6 25.8 18.4
cis-cis-trans 38.4 41.9 41.9
trans-trans-trans 0.0 0.0 0.2
trans-cis-cis 0.0 0.0 0.0
Ti(ba),Cl, [21] | cis-cis-cis 27.9 - 31.0
Cis-trans-cis 54.7 - 61.7
cis-cis-trans 17.4 - 6.7
trans-trans-trans 0.0 - 0.5
trans-cis-cis 0.0 - 0.1
Ti(dbm),Cl, [22] | cis 100.0 - 97.1
trans 0.0 -- 2.9
Ti(tfba),biphen [28] | cis-cis-cis 17.1 21.2 195
cis-cis-trans 62.4 61.6 62.2
cis-trans-cis 20.6 17.2 18.3
Ti(ba),biphen [32] | cis-cis-cis 256 - 26.5
cis-cis-trans 25.2 - 29.8
cis-trans-cis 49.2 - 43.7
Ti(dbm),biphen [33] | cis 100.0 -- 100.0

3.2.3.3 Bis(B-diketonato) ,-(aryl diolato) Ti(IV) complexes:Ti( B).L

The new series of bis(acetylacetonato)-aryl-dietaemium(lV) complexes of the form
Ti(acac)L with L = cat (L>7%) [34], naph (59 [35], biphen(L"?) [36], binaph (% [37],
mbiphen (L% [38], mbinaph (2% [39], was synthesised according &zheme 3.9 The
synthetic route was adapted from the "one-pot" webtpublished by Browret al.*° for the
reaction of TiC} + Hacac + binaphthol yielding Ti(acabaph. Complexes in this series

form 5-, 7- and 8-membered chelated rings whileokegthe acac ligands constant.

The reaction, initiated by adding Ti(ac#2l, to the poorly dissolved ligand in DCM, changes
colour immediately to dark red in all cases. Thasgd-diolato ligands which are slightly
soluble in DCM at room temperature dissolve rapi@ly the reaction proceeds) on shaking.
After standing 4.5 h at room temperature, the meis layered with hexane and allowed to
stand for 2 days, after which the red crystalinedpct is isolated by filtration and washed
with hexane.
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CHs CHs
' L5, 00
PR <Gl HC™ o,
Ol. ! DCM/ N, : o l ?
. ! ]
b{£>c| 2HCl 71D
/ o)
HCM HBCM
CHg CHs

(@and other substituted species)

Hombiphen Hombinaph

Scheme 3.9 Synthesis of Ti(acag)L) complexes, L = ktat[34], Hnaph[35], H,biphen[36], H,binaph
[37], Hombiphen[38], Hombinaph[39]

NMR Characterisation ~ SelectedH NMR spectra (in aromatic region) of the Ti(aghc)
series are shown iRigure 3.27. The chemical shifts of the methine proton ofcarathe
coordinate complex and for the uncoordinated agaduded for comparison) are listed in
Table 3.10 The spectra consist of three groups of signdle aromatic aryl-diolato ring
protons, the methine protons (singlet, 2x CH) drel dorresponding GHesonances for the
R-groups of the acac ligands (4x §H For Ti(acagmbiphen and Ti(acaghbinaph, an
additional signal is observed for the methylenetiqms (singlet Ch). The disappearance of
the phenolic—OH protons, suggests that the bideritgand is chelated through the two

oxygens to the Ti(IV) centre.The following trender& observed for the Ti(acak)

» The acac methine proton of Ti(acac)s = 5.90 - 5.77 ppm) is on average upfield shifted
by, 6 = 0.17 ppm relative to the parent, Ti(agcadt) (5 = 6.00 ppm). This is expected since

the aryl-diolato ligands are more electron-donatiran CI.

» The size of the aryl-diolato ring in the Ti(acdc¥eries does have an effect on the shift of
the acac methine proton, although it does not as@evith increasing ring size. For example,
Ti(acac)cat, Ti(acachiphen and Ti(acaghbiphen, with ring size 5, 7 and 8 respectively,
haved = 5.90, 5.79 and 5.82 ppm respectively (Bable 3.10.

» The addition of an extra phenyl ring on the afiglato ligand has an insignificant effect on

the shift of the acac methine proton. For exampi@cac)cat and Ti(acaghaph (with ring
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size-5), haved = 5.90 and 5.89 ppm respectively. The other auwyth L = biphen and
binaph (ring size-7) and mbiphen and mbinaph (sizg-8), show the same trend (Jexble
3.10andFigure 3.27.

CDCl; acac CH

Ti(acac),biphen

Ti(acac),binaph

Ti(acac).cat

Ti(acac),naph

Figure 3.27 Partial*'H NMR spectra (CDG) in the aromatic and methine region(af Ti(acac)cat and
Ti(acacynaphand(b) Ti(acac)biphen and Ti(acagdinaph

» The aryl-diolato ring protons of the chelated pbew are shifted slightly upfield relative to
the uncoordinated ligand. IRigure 3.28the '"H NMR spectra in the aromatic region for
Ti(acacybiphen and Ti(acaghinaph, show the shift relative to the uncoordidaligands.
This same trend was observed for the tetrahedréi(Biphen) complex (seEigure 3.10. In
contrast, the resonance for the chelafediketonato ligand is always shifted downfield
relative to the uncoordinatgddiketone (in the studied complexes), due to ten&dion of a

pseudo-aromatic system when tlffediketone coordinates to the Ti(IV) metal.
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(a) Ti(acac) sbiphen (b) Ti(acac) ;binaph

CDCls CDCls

Hzbinaph

Hzbiphen M H

Figure 3.28 Partial'H NMR spectra (CDG) in the aromatic region ¢&) Ti(acacybiphen and
(b) Ti(acac)binaph

A second series, Tj2(mbinaph) withf = acad39], tfaa[40] and hfag41] was synthesised
according to the method used for the synthesishef iphenolato analogues (shown in
Scheme 3.8Ti(B).Cl, + L refluxed in CHCN). The effect of changing the electron density
on the Ti(lV) centre, by changing tiffediketonato ligand from acac (R, R' = gHelatively

e -donating), tfaa (R, R' = CG}ICR) to hfaa (R, R' = C§; relatively é-withdrawing), on the

chelated 8-membered mbinaph ligand, is determined.

Partial'H NMR spectra are shown relative to the uncordihadgmbinaph ligand irFigure
3.29for comparison. The chemical shifts of the methpmoton of the chelatdtidiketonato
ligand of Ti@3).mbinaph and parent compound, B)¥Cl,, and of the uncoordinatef-
diketone are listed imable 3.10

The protons of the uncoordinated,rhbinaph ligand resonante as a d,d,d,tt,d (12 ring
protons) and singlet (Chipattern expected for the symmetrical molecul@weler once the
ligand is chelated in Tpj.mbinaph, the symmetry of the ligand is lost andrésonaces are
replace by broad peaks for the ring protons (ext@ap® doublets) and two separate signals
for the two methylene hydrogens (g@H The crystal stucture of Ti(acag)binaph compared
to Ti(acac)biphen inFigure 3.30 clearly shows the loss of,hbinaph symmetry through
coordination to the Tf), moiety. The ChHlgroup, acting as a hinge in the bridge between the
two naphthyl rings, lies above the horizontal ifjahd plane, with one H directed towards the

Ti(B) moiety and the other, towards the naphthyl rings.
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The methine protons (2x CH) of Blembinaph with = acac, tfaa and hfaa display an
interesting trend. The resonance, a singlet forc aaits progessively into two separate
signals for tfaa and hfaa (sBgure 3.29, according to increasing electronegativity of Be
groups. The downfield shift of the CH in the seri® expected and follows the same trend as
the uncoordinatefl-diketones (se&able 3.10.

CDCls CH (B) CHz (L)
Ring protons (L) methine methylene
4 * 4 * ~—

M Ti(hfaa),mbinaph

Ti(tfaa),mbinaph

Ti(acac),mbinaph

H,mbinaph

T T T T T T T T T T T T T T T T
El 7 B 5

Figure 3.29 Partial'H NMR spectra (CDG) of Ti(acac)mbinaph, Ti(tfaaymbinaph and Ti(hfaanbinaph
relative to the uncoordinatedibinaph ligand. (L) = mbinaph anfl) (= acac, tfaa and hfaa.

(a) Ti(acac) ;biphen (b) Ti(acac) ,mbinaph

Figure 3.30 (a) Ti(acac)biphen andb) Ti(acac)mbinapﬁ7 showing the symmetrically coordinated
biphenolato ligand and unsymmetrically coordinatgzdnaphtholato ligand.
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Table 3.10 H NMR chemical shifts for the methine protons d tthelated and uncoordinatgdiiketone.

Ti(B)L diketone
1 1
Compound Ring Size meTh/irsjgr(t]A) A (A-B) met':]i/nzp(ﬂ B)
Series 1
Ti(acac) cat [34] 5 5.90 0.40 5.50
Ti(acac)znaph [35] 5 5.89 0.39 5.50
Ti(acac),biphen [36] 7 5.79 0.29 5.50
Ti(acac).binaph  [37] ® 7 5.77 0.27 5.50
Ti(acac),mbiphen [38] 8 5.83 0.33 5.50
Ti(acac),mbinaph [39] ° 8 5.82 0.32 5.50
Parent Compound
Ti(acac).Cl [23] none 6.00 0.50 5.50
Series 2
Ti(acac):mbinaph [39] ° 8 5.82 0.32 5.50
Ti(tfaa),mbinaph [40] 8 6.25 0.25 6.00
Ti(hfaa).mbinaph [41] 8 6.66 0.26 6.40
Parent Compound
Ti(acac)2Cl, [23] none 6.00 0.50 5.50
Ti(tfaa)2Cl>» [13] none 6.40 0.40 6.00
Ti(hfaa)2Cl. [14] none 6.80 0.40 6.40

& Synthesised previous319/
® Synthesised previously and crysral structure krfdwn
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3.3 CRYSTAL STRUCTURES

To further the characterisation of the synthesigadium (IV) complexes, the results of the
single crystal structure determination feetrahedral (a) monomeric [CgTi(B)] CIO4
complexes with3 = tfba, tfth, tffu, ba, dom and th&ketoester, maa, anactahedral (b)
monomeric Tif)z(bipben) with(3 = acac, ba, (c) dimeric {BiCl}.O with 3 = tfaa, hfaa and
{Ti(hfaa),}( u-O)(u-biphen) and (d) tetrameric [Ti(hfa§)-O)]4 structures are presented. The
author acknowledges Dr. A. J. (Fanie) Muller of teparment of Chemistry, University of
the Free State, for the data collection and refernof the crystal structures and helpful

discussions.

3.3.1 Tetrahedral Structures

3.3.1.1 Monomeric Structures: [Cp »Ti(B)]" ClO4~

Geometrical Aspects  The molecular diagram showing atom labelling;amepanied by a
schematic diagram showing bond lengths and codidm&nvironment around the titanium
of [CpTi(tfba)]"ClO,~ [6], [Cp.Ti(tfth)] "ClIO,~ [4], [CpeTi(tffu)] "CIO,~ [5], [CpeTi(ba)]"
ClO4™ [7], [Cp:Ti(dbm)]'ClO,™ [9] and [CpTi(maa)['ClO,~ [11]** respectively, are presented
in Figure 3.31 Crystal data and details of data collection efthement are summarised in

Table 3.11 Complete tables of bond lengths and angles\aiéahle in digital format.

The following features are of interest:

« The [CpTif]" cation consist of a tetrahedrally coordinatedntiten atom. It is evident,
from examination of the bond angles (Sesble 3.1, that the coordination tetrahedron is

distorted. The (centroid GpTi-(centroid Cp) angle §,) is on averagea. 134° for the series

of structures, which is a significant deviationrfrohe ideal tetrahedral bond angle of 109.5°.
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Table 3.11 Crystal and structure refinement data for JOfB)]*ClIO, complexes witl = tfba, tfth, tffu, ba,
dbm and maa.

[Cp,Ti(tfba)] * ClO, [Cp,Ti(tfth)] *ClO,
Formula TiO2C20H16F3 (ClO4) TiO2C18H14F3S (ClOy)
Formula weight 492.68 498.70
Crystal colour/habit red, cubic red, plate
Crystal system Monoclinic Monoclinic
Space group P21/n P21/n
Unit cell dimension a =10.088(2) a=9.872(2)
A b =16.613(3) b = 15.346(3)
/° c =12.443(3) c=13.134(3)
a =90 o =90
B =96.86(3) B =97.46(3)
y=90 y=90
Volume / A ® 2060.4(7) 1973.1(7)
z 4 4
Density cac / Mg m™ 1.588 1.679
Temperature / C 20 20
Wavelength / A 0.71073 0.71073
Absorption coefficiet / mm ™ 0.607 0.737
F(000) 1000 1008
Crystal size / mm 3 0.12x0.12x0.12 0.20 x 0.14 x 0.06
Theta range for data collection / © 2.06 to 25.00 2.051t0 28.30
Index ranges -11<h<11, -13<h<9,
-11<k<19, -20 <k <18,
-14<1<14 -17<1<13
Reflections collected 11 213 13 654
Independent reflections 3622[R(int) = 0.1037] 4871[R(int) = 0.0727]
Completeness to theta = 28.35/ % 100.0 99.3
Absorption correction Semi-empirical from Semi-empirical from
equivalents equivalents
Max. and min. transmission 0.9307 and 0.9307 0.9571 and 0.8666
Refinement method Full-matrix least-squares | Full-matrix least-squares
on F? on F?
Data/restraints/parameters 3622 /367 /391 4871/319/383
Goodness-of-fit on F 2 1.010 0.969
Final R indices [I>2sigma(l)] R; =0.0601, R; =0.0517,
WR; = 0.1294 wR> = 0.1166
R indices (all data) R; =0.1852 R; =0.1628
wR; = 0.1812 wR> = 0.1555
Largest diff. peak and hole / e A 0.355 and -0.385 0.300 and -0.427
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[Cp,Ti(ba)]* ClO4”

[Cp,Ti(dbm)] * ClO,”

[Cp,Ti(maa)] " ClO,

[Cp,Ti(tffu)] *ClO,
TiO3C1gH14F3 (ClO4) TiO2C20H19 (ClO4) TiO2C2s5H21 (ClO4) TiO2C1s5H17 (ClO4)
482.64 438.70 500.77 392.64
red, plate red, cuboid red, cuboid red, cuboid
Monoclinic Orthorhombic Orthorhombic Monoclinic
P2i/n Pnma P21212; P2i/c
a =10.0303(5) a =16.2588(6) a=11.5010(14) a=7.5326(2)
b = 16.0338(9) b =8.0470(3) b =13.6450(17) b = 20.8283(5)
¢ =11.6124(6) ¢ =14.7451(5) ¢ = 14.2540(18) ¢ =10.7927(3)
a=90 a=90 a=90 a=90
B =97.046(2) =90 B=90 B =103.839(2)
y=90 y=90 y=90 y=90
1853.45(17) 1929.17(12) 2236.9(5) 1644.13(7)
4 4 4 4
1.730 1.510 1.487 1.586
-123 20 20 -100
0.71073 0.71073 0.71073 0.71073
0.677 0.617 0.542 0.717
976 904 1032 808
0.27 x 0.11 x 0.07 0.29 x0.25x0.16 0.40 x0.24 x 0.14 0.33x022x0.19
2.41t0 28.32 1.86 to 28.30° 2.07 to 28.26 2.18'to 28.35
-13<h<13, -21<h <19, -15<h<13, -10<h =10,
-21 <k =20, -10<k<b5, -18 <k = 16, -27 <k <25,
-15<1=<15 -15<1=<19 -18<1=<18 -14<1<14
17 806 9773 15725 30 323
4606[R(int) = 0.0316] 2567[R(int) = 0.0300] 5468[R(int) = 0.0459] 4091[R(int) = 0.0295]
99.4 100 99.5 99.8
Semi-empirical from Semi-empirical from Semi-empirical from Semi-empirical from
equivalents equivalents equivalents equivalents
0.9542 and 0.8384 0.9078 and 0.8414 0.9279 and 0.8122 0.8757 and 0.7977
Full-matrix least-squares | Full-matrix least-squares | Full-matrix least-squares | Full-matrix least-squares
on F? on F? on F? on F?
4606/0/271 2567/118/218 5468 /0/298 4091/0/219
1.046 1.041 0.989 1.050
R: =0.0339, R1 =0.0444, R1 =0.0473, R:1 =0.0379,
wR2=0.0787 wR2 =0.1192 WR2 = 0.1164 WR2 = 0.0966
Ri1 = 0.0465 R1 = 0.0609 R1=0.0932 R1 =0.0441,
wR, = 0.0858 wR; = 0.1319 wR, = 0.1330 wR, = 0.1017
0.586 and -0.364 0.469 and -0.466 0.503 and -0.404 0.763 and -0.404
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(a) [Cp,Ti(tfha)] *ClO,
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Figure 3.31continued on next page
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(d) [Cp2Ti(ba)] " ClO,~
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Figure 3.31 Left: The molecular structure of [GRi(B)] ‘CIO, complexes witlp = (a) tfba, (b) tfth, (c) tffu,
(d) ba, (e) dbm and (f) maavith 30 % probability displacement ellipsoidsdicating the numbering scheme.

Right: Diagram showing selected bond lengths (). ifidicates centroid of Cp ringi+i.o = difference in the
Ti-O bond lengths of the chelate ring / A.
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Continued from page 117

The larged, angle is attributed to steric hinderence betweenGp ligands. In contrast, the
O:-Ti-O; angle 01) is on averagea. 86° which is considerably smaller than the standard
tetrahedral 109.5°. The smal| angle is attributed to constraints in accommodatimg
chelated3-diketonato ligand. The other angles around that@in s, 04, 05, and6s), ranging

from ca. 103 to 108°, are close to the ideal tetrahedraleang

Table 3.12 Tetrahedral bond angles (°) around titaniurg®. =(centroid of Cp ring).

61 = Ol'Ti'OZ

62 = qJCpl -Ti 'CDsz
63 = Ol'Ti'qJCpl

64 = Ol'Ti'qJsz

65 = 02 -Ti -¢Cpl

66 = OZ'Ti'qJsz

B-diketone Angles (9

Complex R groups
R', R? 0, 6, 0; 0, 05 05

[Cp,Ti(ttba)]”  [6] CFs, Ph 85.9 136.9 | 106.7 | 103.4 | 107.0 | 105.2

[Cp,Ti(tith)]” [4] | CFs, CaHsS | 859 132.1 | 106.6 | 107.0 | 107.1 | 108.4

[Cp,Ti(tffu)]” [5] | CFs CsH:O | 85.9 133.3 | 106.9 | 106.2 | 106.9 | 107.4

[Cp,Ti(ba)]"  [7] CHs, Ph 86.3 134.0 | 1065 | 1065 | 106.7 | 106.7

[Cp,Ti(dbm)]" [9] Ph, Ph 85.3 132.8 | 107.2 | 106.7 | 108.1 | 106.7

[Cp,Ti(maa)]" [11] | CHs OCH; | 86.3 133.7 | 106.0 | 107.6 | 106.6 | 106.4

AVERAGE — 85.9 133.8 106.7 106.2 107.1 106.8

« Typical C-C and C-O single and double bond lengites C-C (1.54 A), C=C (1.34 A), C-
O (1.43 A), C=0 (1.23 A}* The large double bond character of the C-C ar@ kbnds in
the chelate ring of th@-diketonato ligand (seEigure 3.31) emphasises effective electron
delocalisation in thepseudo-aromatic core of the3-diketonato ligand. This electron
delocalisation enhances electronic communicatidwéen the R-groups of thgdiketonato

ligand and the Ti centre. This is supported bydleetrochemical investigation.
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» The backbone of thp-diketonato ligand is near planar but the anglegh@-diketonato
backbone, O-GC, (C1), Ci-C,-C; (C) and G-Cz-O (Cs) vary significantly from the
theoretical value of 120°, expected for cartsph hybridisation. This is in contrast to the
corresponding angles in the uncoordinafediketone, which are much closer to the ideal
value (seeTable 3.13. The distortion of thgyseudo-aromatic 3-diketonato ring in the
[Cp:TiB]" complexes, is also reflected in the elongationthef non-bonded O-O distance of

ca. 0.2 A (se€Table 3.13 relative to the uncoordinat@ddiketone.

Table 3.13 Angles €;, ¢, andC3) and non-bonded O-O distance of fldiketone backbone for the

[Cp,Ti¥(B)]" and [CpTi" (B)] omplexes and for the uncoordina@diketone; Htfth®> Hdbm>2 Hacaé* and
Hba2®

/CF3 or Ph /CF3 or Ph
c o—C 0—C
p\Ti/ 3\(: W 3\c
/ 2 2
Cp \o'—c{ 0="c|
< \
R R
B-diketone [Cp,Ti"BI* HB

C.r €, r C.rr |O-0/A| €1 ¢, r C.r 0-0/A

tfba [6] 1211 124.6 126.8 2.705

tfth  [4] 121.8 123.2 127.8 2.720 120.6 120.9 124.7 2.551

tffu  [5] 123.1 121.8 128.2 2.729

ba [7] 120.5 124.9 123.3 2.694 121.76 120.48 120.71 2.493

dbm [9] 122.5 123.8 | 1231 | 2.674 120.3 120.3 120.2 2.459

acac®’ 123.4 126.1 1234 | 2710 | 121.82 | 121.04 | 121.82 2.548
Cp,Ti"B HB

acac® 126.8 1234 | 1257 | 2775 | 121.82 | 121.04 | 121.82 2.548

ba* 123.8 124.9 125.0 | 2.758 121.76 | 12048 | 120.71 2.493

dbm*® 124.8 122.8 125.4 | 2.740 120.3 120.3 120.2 2.459

* The titanium atom lies slightly out of the plarefided by the-diketonato ligand. This can
be quantified by constructing two planes, one thlothe backbone of ttfediketonato ligand
(0;-C1-C,-C5-0,) and the other through Ti and the chelated O-at@asi-O,) as shown in
Figure 3.32(a). The displacement of the Ti atom from the ligautahe (d) is related to the

angle between the two intersecting plangs $hown inFigure 3.32(b).
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1
@) /R B-diketonato ligand plane
—O7 €3
ug pS
7 (b) s
(S €1 .
R?
/Rl O-Ti-O plane
............ C’g
Ti
:‘(:2 O-Ti-O plane
------------ €1
R?

Figure 3.32 (a) A sketch of the8-diketonato ligand plane (through atomgs@Q-C,-C5-O,) and the O-Ti-O
plane. (b) The intersection of th@-diketonato ligand and O-Ti-O plane showing dihedral angle between the
two planes and d = displacement of the Ti atom fteenligand plane.

The out-of-plane bending of the ligand varies coesably fromm = 7.9°, 12.2°, 14.5°, 19.4°
to 19.9° (with d = 0.19, 0.29, 0.36, 0.49 and 0&lfor p = tfba, ba, dom, tfth and tffu,
respectively. Figure 3.33 shows a side on view of the smallest and largestobplane

bending of the-diketonato ligand. The dihedral angle is larger thed® Ti" complexes
compared tal' Ti" complexesg.g. for p = acac, ba and dbr, = 16.8°%" 12.2°, 14.5° for
Ti'"V and 4.4281.0°3° 13.3°*for Ti" respectively.

(@) [CpTi(ttba)] *

O-Ti-O plane

ligand plane mi

“ d=019A w=7.9°

(b) [CpTi(tffu)] *

O-Ti-O plane

ligand plane

Figure 3.33 (a) [CpTi"(tfba)]" and (b) [CpTi" (tffu)]* showing the position of Ti atom and the cheldied
diketonato ligand relative toeft: the O-Ti-O plane anRight: both the O-Ti-O and ligand planes. The values
of ® and d are given according to the definitior-ajure 3.32
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 The B-diketonato ligand in [Cfi(B)]" binds, within experimental error (taken as three
times the bond e.s.d.), symmetrically to the titamicore forp = tfth, ba and tfba and
asymmetrically for3 = tffu, dom and maa. The difference in the tweOTbond lengths,
(shown asArtio in Figure 3.31), are 0.000, 0.005, 0.014, 0.023, 0.028 and 0.A66
respectively. This implies that the electron dowpproperties of the substituted R groups of
the B-diketonato ligand do not show an effect on theéTond length in the solid state. The
stronger electron withdrawing properties of the; @Foup §crs = 3.01), compared to the
relatively electron donating non-Ggroups, R = Ph, CHC4HsS, GH30, OCH;, (X = 2.21/
2.34° 2.10° unknown, 2.3%" are thus not directly correlated to the Ti-O bdenyth.

« The Ti-O bond length is shorter in thd"Teomplexes (avel.986 A) compared to the 'fi
analogues (ave. 2.076 A), séable 3.14and this indicates that the more electron deficien
Ti" centre binds oxygen more strongly thall TiThe same trend is observed in the Ti-Cp
bonding; the Ti-(centroid Cp) bonds (ave. 2.036dk)the TIY complexes are shorter than the
Ti" complexes (ave. 2.062 A).

« The Cp rings are in a staggered conformation, gxoe in [CpTi(ba)]” and [CpTi(dbm)T",
where they are eclipsed (examples illustrateBigure 3.34. The complexes with eclipsed
conformation, i.e., ba and dbm, have Ph rings. ofdiog to the CSE, the favoured
conformation for the sandwich in bent metallocengT€’(O-ligand) and CpTi'(0,0'-
ligand) complexes, is staggered and the less conegubpsed conformation have Ph rings
(seeTable 2.2, Chapter 2.

[Cp.Ti(tffu)] * [CpTi(dbm)] *

staggered eclipsed

Figure 3.34 Left: The common staggered conformation of the Cp rimgsRight: the eclipsed
conformation for [CpTi(dbm)]"
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Table 3.14 Selected geometrical parameters (°, A) for monoersrictures type [GRi'VB]* for B = tfba,
tfth, tffu, ba, dbm, acac and [ (B-ketoester)] for B-ketoester = maa, compared to type (d)JGHB]
structures fofd = acac, ba, dbm. The average Ti-O and Ti-cent@pidlistances are listed. The angles,

distances and numbering system, used in the tt@eshown below® = centroid).

\\\\\\
ezTi“el)

\

6, = O-Ti-O
0,=® Cp-Ti-®Cp

(e}

Cp plane

Cp plane

¢ = intersection Cp planes

dy

d,=Ti-®Cp

=Ti-O

d3 = non-bonded O-O

B-diketone Angles (9 Distances (A)
Complex nggo;gs 0, 0, ® d, ds ds Ci— C(Rz)
' Ti-O Ti-®Cp 0-0 Cs—C(RY

(@) [Cp.Ti"(B)]" ClOs

[Cp.Ti(ttba)]"  [6] CF3, Ph 85.9 | 136.3 | 46.6 1.988 2.040 2.705 1.516, 1.467
[Cp.Ti(tith)]” [4] | CFs, CaHaS | 85.9 | 133.4 | 484 1.996 2.035 2.720 1.534, 1.449
[Cp.Ti(tffu)]" [5] | CFs, CaH:O | 85.9 | 1333 | 47.4 2.003 2.034 2.729 1.531, 1.445
[Cp:Ti(ha)]"  [7] CHs, Ph 86.3 | 134.0 | 46.3 1.970 2.026 2.694 1.481, 1.492
[Cp.Ti(dbm)]* [9] Ph, Ph 85.3 | 132.8 | 47.0 1.972 2.043 2.674 1.490, 1.480

AVERAGE — 86 134 47 1.986 2.036 2.704

(b) [Cp.Ti"(B-ketoester)] * ClO,
[Cp;Ti(maa)]* [11] | CHs, OCHs | 86.3 | 133.7 | 48.9 1.976 2.042 2.704 | 1.495,1.315*
(©) [Cp2Ti"(B)]" [IrsSx(CO)el
[Cp:Ti(acac)]” ¥ CHs, CHs 86.6 | 133.8 | 475 1.975 2.035 2.710 1.481, 1.511
(d) Cp,Ti"(B)

CpsTi(acac) * CHs, CH3 84.3 | 134.4 | 459 2.068 2.054 2.775 1.540, 1.531
Cp,Ti(ba) * CHs, Ph 83.0 | 1352 | 46.6 2.082 2.069 2.758 1.513, 1.501
Cp2Ti(dbm) *° Ph, Ph 825 | 134.3 | 449 2.077 2.062 2.740 1.500, 1.515

AVERAGE — 83 135 46 2.076 2.062 2.758

"C— O bond distance since R OCH;

Crystallographic aspects

The structures in this series crystallise on gangositions

(except for [CpTi(ba)]" which lies on a mirror plane) within the unit selith one molecule

only in the asymmetric unit. The structures cantyy a Ck-p-diketonato ligandj.e., p =

tfba, tfth and tffu are isomorphous; they cryssalin the same monoclinic centrosymmetric

space groupP2:/n, with unit cell parameters varying slightly to aoemodate the differences
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in the substituted R-groups and on fairly similabinates within the unit cell. The large
thermal vibrations observed may be attributed te fhct that these collections were
unfortunately done at room temperature ($able 3.1). Recollection at low temperature
was not deemed necessary for the purpose of tiily.stThe refinements of [Gpi(tfba)]",
[Cp.Ti(tfth)]" and [CpTi(ba)]'showed large thermal vibrations on parts of théppery of

the molecules, such as the {LEp ring and CI@Q groups These were treated by disordered
refinement techniques, such as geometric and aogsot restraints, to obtain more
satisfactory refinement parameters. Where sub-zeroperatures were utilised these
disorders became less pronounced and considerédibkegin the final refinements (as in the
case of tffu and maa). Site occupancies for basbrdered parts (indicated by A and B
numbering) were refined freely but restricted td ag to one. These refined to ratios which

are shown imable 3.15

Table 3.15 Site occupancies (%) for disordered parts (markeshé B inFigure 3.31) of the CF, CIO,” and
Cp,-ring groups in [CTi(B)] 'ClO, ", with B = tfba, tfth and ba. Crystal data collected at 20°.

Disordered Group
Complex R-groups CF, clo, Cpa
Fa:Fg O, Og Ca:Cp
[Cp,Ti(ttba)]"  [6] CF3, Ph 56.9:43.1 80.0: 20.0 42.0 :58.0
[Cp,Ti(tfth)]"  [4] CF3, C4H3S 83.7:16.3 58.9:41.1 80.0: 20.0
Cp,Ti(ba)]” [7] CHjs, Ph - -- 435:56.5

Hydrogen-interactions, although relatively wealkaysl a part in the site occupation ratios.
There are H-interactions between the atoms in ifjieeh occupied siteg.g., the interactions
CH,---F1a have higher occupation rates of 56.9 % and 83.4p#%sition A) for the
disordered F atoms in [Gpi(tfba)]” and [CpTi(tfth)] " respectively. Similarly, H-interactions
to the perchlorate exist, which lead to the higbecupation rate of 80.0 % and 58.9 %

(position A) for the disordered O atoms in the péorate ion.

In addition to the thermal disorder of the Cp rirgs seen above, a positional disorder
(governed by a symmetry element), is observed mTiTba)]" CIO,, where the ba moiety
alternates between two positions in a 50 % rafibe two conformations of the ba ligand, are
shown inFigure 3.35(b), with O1 and the Ph side chain bent above or béf@horizontal
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mirror plane. The averaged position, with the rigesituated on the mirror plane is also

shown,Figure 3.35(a).

Figure 3.35 Positional disorder of [Gii(ba)]". (a) Ligand in averaged position on the horizbmtiaror
plane. (b) Ligand bent above and below the hatiglane showing the two positions of [Tiba)] in the
mattrix.

Packing features: (I) [Cp Ti(tfba)] *, [Cp.Ti(tfth)] © and [Cp,Ti(tffu)] © The three
complexes are isomorphous and they also have weiilas packing arrangements withn
stacking between one Cp ring and the R-group tieg,CsHs, C4H3S and GH3O fragments

for tfba, tfth and tffu respectively. Ther stacking interactions are between pairs of Ti
complexes, forming dimeric units, segure 3. 36 The closest contact distance between the
rings and the geometric parameters for #he stacking (the distance between the ring
centroids, R., the horizontal displacemen of the centroids,ha &ngle between the ring
normal and the centroid vectdrand the dihedral angle between the planes of-tacked

rings) are given ifable 3.16

The planes of ther-stacked rings are near parallel in fTigtfth)]*, with only a small
deviation of 0.9° between the planes, compared.4caind 11.0° for the corresponding tffu
and tfba complexes respectively. In all three satfe rings are displaced from each other, in
a slipped or offset alignment, with the horizordaplacement of the ring centroids, ranging
from 0.65 to 0.93 A (a shift of less than one C-Gnd length from the face-to-face
alignment). This translates torar stacking interaction which is quite often observete
ring planes are offset such that a ring atom lieat over the centre of the other ring and its
hydrogen atom almost on top of a carbon atom. Shwtest C-H separation.Rbetween
the rings range between 3.22 - 3.49 A compareti¢adistance between the ring centroids,
Reen ranges between 3.59 - 3.72. These parametdrsvédll within those required for

effectiven-n stacking.
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@)

(b)

(©

Figure 3. 36 The packing ofa) [Cp,Ti(tfba)] "CIO, , (b) [Cp,Ti(tfth)] *CIO, (at T = 20°) andc)

[Cp,Ti(tffu)] "CIO, (at T = -123°) viewed along the a-axis. Monomestionic entities in the crystal are linked
by n-n stacking interactions (indicated by double heaatedws) forming dimeric units. The perchloratecensi
have been removed for clarity. Displacement elligis are drawn at the 30% probability level.
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Table 3.16 n-stacking geometrical parameters in JOPB)] "CIO,” complexes witlp = tfba, tfth, tffu, ba and
dbm. Then-r stacked planes are coplanar fierba.

R¢q = closest contact distance between the rings
Rcen = centroid-centroid separation

d = horizontal displacement of ring centroids

0 = displacement (centre-normal) angle

¢ =angle between Trstacked planes (non-parallel)

-7 interaction [Cp2Ti(B)]"ClO4 complexes
parameters tfba [6] tith [4] tffu [5] ba [7] dbm [9]
-1 stacked
et | P2 ®Ms | (CP(CHS) | (P (CHO) [ P~ PR | (CoY- (P | (P2 (P
Reg /A 3.264 3.486 3.217 3.916 3.370 3.421
Reen /A 3.724 3.590 3.667 4.116 3.600 3.510
d/A 0.926 0.648 0.800 2.037 1.073 0.123
8/° 14.4 10.4 12.6 9.0 17.3 2.0
@ /° 11.0 0.9 7.4 parallel 2.6 4.1

* The subscripts after the brackets refer to the mingbering as indicated Figure 3.31

(Il) [Cp.Ti(ba)]* Then-n stacking interactions are between the Ph groups@fdjacent Ti
cations forming dimeric units, shown ligure 3.37. The Ph rings are coplanar with slipped
packing; rings are displaced twa. 2.0 A from each other resulting incdR= ca. 4.1 A
(Geometric parameters for thestacking are listed iffable 3.19. Futher stabilisation is due
to head-to tail C-H-= interactions (with interaction distance of 3.2 fyolving the Cp rings

and methyl H of th@-diketonato ligand of adjacent molecules.

(a) (b)

Figure 3.37 The packing of [CgTi(ba)]'ClO,, with displacement ellipsoids drawn at the 30%bpataility
level. (a) Monomeric cationic entities in the dajsare linked byt-n stacking interactions (indicated by double
headed arrows) forming dimeric units and intermel@cC—H--x interaction (dotted green line) futher stabilise
the formation of linear chains. (b) Packing vievedoing the c-axis.
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(1) [Cp2Ti(dbm)] © Both Cp rings and both Ph rings are involvethn-stacking forming
infinite arrays (chained networks), as showrFigure 3.38 The geometric parameters for
the n-stacking are shown ifiable 3.16indicating effectiver-stacking The planes of the
stacked rings are close to parallel with only snagViations of 2.6 and 4.1° between the

planes.

Channels form along the c-axis in which the £lons are located. A rigid framework is
formed by thisz-stacking which could be a factor in there beingdisordered groups in
[Cp.Ti(dbm)]", even at high (room) temperature, compared tadtberder on the Cp, CIO
and Ck groups in [CpTi(tfba)]" and [CpTi(tfth)]*. H-interactions from the Cp's and Ph's to

the neighbouring ClQfurther stabilise the structure.

Figure 3.38 Packing diagrams of [GBi(dbm)]"'CIO, showing Top: =-m stacking interactions between the
Ph and Cp ring (indicated by double headed arroke CIQ units have been removed for claritgottom:
the formation of channels along the c-axis, ocalipigthe CIQ ions.
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(IV) [Cp:Ti(maa)]® Two inversion-related complex cations are linkedorm a head-to-
head centrosymmetric dimer, shownkigure 3.32 The Ti cation and the uncoordinate
CIO4 anion, are linked by intermolecular
C-H~"O hydrogen interactions. In the
centrosymmetric dimer, the pseudo-
aromatic p-diketonato maa ligands are
parallel to each other and appear to be
involved inz-r stacking. However, the two
ligands are horizontally shifted, with d =
3.911 A, resulting in negligible overlap of

the rings. The distance between the

parallel planes is smali,e., 3.199 A, but
the centroid-centroid separation,ceR= Figure 3.39 View of the packing of
5.053 A, is large. [Cp,Ti(maa)[' ClO;.

Comparison of crystal packing in the series with B = tfba, ba and dbm

In all three structures, [GPi(PhCOCHCOR)[" with R = CR, CHs and Ph, the molecular
packing is stabilised by ligandstacking but the-n interactions are between different groups
of atoms. Dimeric units are formed in the casdfloh and ba while a chained network is
formed in dbm (se&igure 3.40. In tfba there are twa-n interaction in the dimeric unit,
between the Ph and Cp rings, i.e.!2y’ and PR-Cp', while for ba, the stabilisation is due
to m-n interactions between the Ph rings, i.e., betweelr®f and a C—H-n interaction
involving the Cp rings, i.e., GpH® (superscript numbering refers to adjacent molegule
molecules 1, 2 and 3). In dbm, thénteraction is between PrCp? and Cp-PH, forming
the chain. The results show that, small changethdoligands have great effect on the
molecular structure, significantly influencing theeak interactions as well as the specific

framework structure that forms.

The packing pattern of these™T[Cp,Ti(B)]* complexes reported here, appears to be unique.
As long as the structure posseses an aromatistingture in thg-diketonato ligand, then-
n interactions are possible. However, the only othexample currently known,

[Cp.Ti(fca)]"ClO,~,** does not show theser interactions.
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The oxidation state of the Ti centre also appeaddy a part in the packing interactions, as

no n-stacking is observed in the "ianalogues with the dithand b&® ligands. The
CpTi"(B) complexes do not have a counter-ion such as,;CiDthe case of 1. The
function of the CI@ counter ion should not be disregarded as it ndgnt a vital role in the
n-n-stacking and in the case of dbm, keeping the @bsgechannels intact. However, in order

to draw conclusions the investigation needs to Xymaeded to include many more similar
cystal structures.

tfba

\
|
|
\
|
\
|
|
\
|
|
\
\

|
i
{
!
j

[

Figure 3.40 The variedr-n stacking in the three related [{j(B)]* structures, witly = tfba, ba and dbm.
All perchlorate ions and disorders are removedarity.
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3.3.2 Octahedral Structures.

3.3.2.1 Monomeric Structure: Ti( )2 biphen

Geometrical Aspects  The molecular diagram indicating atom labell@dagompanied by a
schematic diagram indicating bond lengths and doatn around the titanium centre, of
Ti(acac)biphen[36] and Ti(bajbiphen[32] are presented iRigure 3.41 Crystal data and
details for data collections and refinements ararmsarised inTable 3.17 Complete tables
of bond lengths and angles are available in difatahat.

C23 @R
(a) Ti(acac) , biphen szé %___
N ]
I

III-|||-m""\ @

|
llll :
||F'||E|\

\

i)
\||

9
G

©
= o,
o 7, o

2y,

OJ&\PQI""'.,, ‘
/8} Ti\

O

Figure 3.41 Top: The molecular structure (30 % probability disglaent ellipsoids) of Ti(acad)iphen and
Ti(ba)biphen, showing the numbering scheme (primed lahdisate atoms generated by symmetry
operations).Bottom: Diagram indicating coordination and distancesiatbthe titanium centre
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Table 3.17 Crystal and structure refinement data for Ti(agiphen and Ti(bapiphen

Ti (acac), biphen

Ti (ba),biphen

Formula

TiOeC22 Ha2

TiOg C32 Has

Formula weight

430.30

554.43

Crystal colour/habit

orange, cuboid

orange, cuboid

Crystal system Monaoclinic Trigonal
Space group C2/c P321
Unit cell dimension a = 15.8796(13) a =8.91750(10)
1A b = 9.7062(6) b = 8.91750(10)
/° ¢ =13.2038(11) ¢ = 29.2648(7)
a =90 a=90
B =93.097(2) B =90
y=90 y=120
Volume / A 3 2032.1(3) 2015.40(6)
A 4 3
Density cac / Mg m™ 1.406 1.370
Temperature / C -173 -173
Wavelength / A 0.71073 0.71073
Absorption coefficiet / mm 1 0.457 0.363
F(000) 896 864
Crystal size / mm 8 0.46 x0.34 x0.21 0.40 x 0.22 x 0.20
Theta range for data collection / ° 2.46 to 28.00 2.09 to 28.30
Index ranges -20<h =20, -11<h <10,
7<k<12, 11 <k <11,
-17<1<16 -39<1<39
Reflections collected 6844 25594
Independent reflections 2358[R(int) = 0.0307] 3326[R(int) = 0.0468]
Completeness to theta = 28.35/ % 96.1 99.9
Absorption correction Semi-empirical from Semi-empirical from
equivalents equivalents

Max. and min. transmission

0.9101 and 0.8173

0.9309 and 0.8684

Refinement method

Full-matrix least-squares

Full-matrix least-squares

on F? on F?
Data/restraints/parameters 2358/0/134 3326/0/178
Goodness-of-fit on F 2 1.188 1.242
Final R indices [I>2sigma(l)] R; = 0.0395, R; =0.0370,
wR, = 0.1213 wR, = 0.1001
R indices (all data) R; =0.0538 R; =0.0552
wRz = 0.1544 wR2 = 0.1410

Largest diff. peak and hole / e A 7

0.567 and -0.752

0.500 and -1.054
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The following features are of interest:

» The structures Ti(acat)jphen and Ti(babiphen consist of an octahedrally coordinated
titanium atom. The octahedral coordination arotitahium is distorted to accomodate the
three chelated ligands, i.e., the six-membd¥eliketonato and seven-membered biphenolato
rings. The twelve O-Ti-O bond angles vary from &3°03° compared to 90° in the perfect
octahedron. This maximum angle deviatiorcaf13° is the same as the deviation found in
the octahedron of the dimeric bridging biphen st {Ti(hfaa)}( u-O)(p-biphen), where
angles vary from 77° to 100° (structural detailSéction 3.3.2.3

» The Ti-O bond distances in the Ei@ctahedron vary considerably; the shortest arf i@

bonds in the chelated biphenolato ligaod. (L.86 A), the intermediate are the axie.(1.98

A) and the longest, equatoriata( 2.02 A) bonds of the chelatggtdiketonato ligand in
Ti(acac)biphen and Ti(babiphen.

+ Selected geometrical parameters, i.e., Ti-O destaufdy, deqand d / A) and O-Ti-O angles
(61 and6, / °) for monomeric bif{-diketonato) titanium(lVV) complexes, (TiD(Figure 3.42),
are shown inTable 3.18 Certain trends can be seen. The Ti-O bond henmt the TiQ
octahedron all vary systematically, the shortestthe Ti-O bonds in the chelated ligand, L,
(ca. 1.85 A), the intermediate are the axied.(1.98 A) and the longest, equatoried.(2.02
A) bonds of the chelatefgtdiketonato ligandp. The formal Ti-O single bond is 1.94 -1.99 A
(Ti-O distances found in rutile, Ti¥) and Ti=O double bond is 1.61-1.68"A Therefore the
shortest Ti-O distance is clearly shorter than exgected for a single bond, suggesting that
this Ti-O bond possesses partial double bond cteracising from donation of the electrons
from thepy, andp;, filled oxygen orbitals to the empty titaniughorbitals® TheB-Ti bonds
trans to anotheiB-diketonate oxygen, are shortea(1.98 A) than thos&rans to the oxygen
of the chelated dianion ligand, lga( 2.02 A).

» The O-Ti-O angle of the chelated 7-membered rza9(°) is the closest to the perfect
octahedron angle of 90°. The angle is smallehéndhelated 6-member@ediketonato ring
(ca. 83°) and increases frooa. 94° (8-membered ring) to 97° for monodentateridg(see
Table 3.18
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» The backbone of eadhdiketonato ligand is very close to planar. Thartium atom lies
slightly out of the plane defined by tBediketonato ligand with a Ti atom displacementdtl)
ca. 0.18 A @ = 7.1°) and 0.24 A« = 9.2°) (seeFigure 3.32for definition of d andy) for
acac and ba complexes respectively.

Table 3.18 Selected geometrical parameters (°, A) for octadiedonomeric bigi-diketonato) titanium(IV)
complexes (sketched above). The average of théangles are tabulated.

B
d
OB"’///geq ax \\\\\\\\\OL

jok
:

Ring Ti-O Distances (A) O-Ti-O Angles (9
Complex . ;

size of L da deq d. 0, 0, range
A Ti(acac).biphen [36] 7 1.984 2.012 1.859 82.8 89.9 83-103
B Ti(ba),biphen  [32] 7 1.977 2.018 1.851 82.9 91.3 83-97
C Ti(dbm),binaph ** 7 1.954 2.008 1.870 83.3 90.8 83-97
D Ti(dpm)zbinaph *° 7 1.970 2.022 1.855 82.6 92.4 82-96
E Ti(acac),mbinaph *° 8 1.998 2.039 1.834 83.7 94.0 83 - 96
F Ti(acac)z(OPh), "’ mono- 1.984 2.048 1.837 82.6 97.4 83-99

dentate

acac: R =CHg, CH3
R' ba: R =CHg, Ph

R
Ti(B)2biphen

A B

dbm: R=Ph, Ph
dpm: R ='Bu, Bu

Ti(B).binaph
C,D

® Ti( B ),mbinaph

CHg

Ti(B)2(OPh);

F

Figure 3.42 Schematic structure of bisgliketonato) titanium(IV) complexes reviewedTiable 3.18
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Comparison of B-diketonato ligand coordination in tetrahedral and octahedral
complexes  Ring strain on the chelatgidiketonato ligand increases when going from
octahedral to tetrahedral coordinatioRigure 3.43 shows the ideal O-Ti-O angle and non-
bonded O-O distance for an uncoordinafediketone, i.e., 78° (calculated) and 2,51 A
(measured) respectively. These values increase Wieg-diketone chelates to titatium (1V),
and tries to attain the standard octahedral (99d)tatrahedral (109.5°) angles. The O-Ti-O
angle increases from the stalole 78° (uncoordinated) toa. 83° (octahedral) anda. 86°
(tetrahedral).

Uncoordinated Octahedral Tetrahedral
Dummy atom’\‘
Y Ti Ti
1.99, 78+ 1.99 1.99 (83 %1.99 1.99.< 86\1.99
O'<251= 0 O~ 263+ 0 O=« 2710
R R' R R' R R'
[+]
Ti-O/A - 1.99 1.99
o]
0-0/A 251 2.63 2.71
O-Ti-0/© - 83 86

Figure 3.43 Diagrams showing the increase in non-bonded O-@mtie (A) and O-Ti-O angle (°) f@F
diketones ageft: uncoordinated ligand (using dummy atom and Ti-D89 A ) and as a ligand Middle:
octahedral an®ight: tetrahedral Ti(IV) coordination. The tabulatealues are average values obtained from
known crystals.

Crystallographic aspects The two structures are not isomorphous; Ti(abgahen
crystallises in the monoclinic, centrosymmetriccggroup,Co/c while Ti(baybiphen, in the
non-centrosymmetric trigonal space gro®8; 2 1. Both structures crystallise on special
positions, with only half the molecule in the asyatrit unit. The molecular packing
arrangement of the two complexes differs greatliermolecular-r stacking of the chelated
B-diketonato acac moieties are clearly observedifacac}biphen (sed-igure 3.44(a) and
Table 3.19. In contrast, the ba-derivative does not exhihit stacking interactions of the
chelated3-diketonato backbone or of neighboured phenyl rijggshe ba or biphen moieties),
but the aromatic rings are arranged in an edgepaimt-to-face, T-shaped conformation
allowing for C-H--n interactions (se€&igure 3.44(b)). Ti(bakbiphen has four Ph residues
and each Ph has a C+H interaction with another neighbouring Ph, resgltin a stabilised

interlocking 3D network.
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(a) Ti(acac),biphen

(b) Ti(ba) , biphen

Figure 3.44 Packing diagrams GfFi(B), biphen withp = acac and ba showing intermolecu(@y n-n
stacking interactions between chelapseudo-aromatic acac rings (indicated by double headsuie) for
Ti(acac) biphen andb) intermolecular C-H-r interactions between the Ph ring of the ba ligand C-H of

adjaceng-diketonate and biphen (indicated by dotted liffies)li(ba), biphen.

Table 3.19 Geometrical parameters for the coplamar stacking in Ti(acagpiphen.

R¢q = closest contact distance between the rings
R¢en = centroid-centroid separation

d; = horizontal displacement of ring centroids

d, = interplanar distance

0 = displacement (centre-normal) angle

-1 Interaction Parameters

m-stacked groups acac-acac
Rea /A H5-01 3.168
H5-C2 3.134

Reen /A 3.619
d, /A 0.958
d, /A 3.490
8 /° 8.6
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3.3.2.2 Dimeric Structures: {Ti( B).Cl}, (p-O)

Geometrical Aspects  The molecular diagram indicating atom labellaggompanied by a
schematic diagram indicating bond lengths and dopatin around the titanium centre, of
{Ti(tfaa).Cl},0 [42] and {Ti(hfaa)Cl},O [43] respectivelyare presented ifrigure 3.45
Crystal data and details for data collections afthements are summarised Table 3.20

Complete tables of bond lengths and angles ar¢abl@in digital format.

(a) {Ti(tfaa) Cl}2(1-O) (b) {Ti(hfaa) oCl}2(u-O)

r
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1.953(3)

| O
b@
180
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O 4 cl &
@

o}

1.94.

Figure 3.45 Top: Molecular structures (30 % probability displacemellipsoids) of (a) {Ti(tfaa)Cl} »(u-O)
and (b) {Ti(hfaa)Cl} ,(p-O), showing the numbering scheme (primed labelgate atoms generated by
symmetry operations)Bottom: Diagrams indicating coordination and distancesiad the titanium centres
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Table 3.20 Crystal data and structure refinement data for dis{@i(tfaa),Cl} ,(1+0), {Ti(hfaa),Cl},(1-O)
and {Ti(hfaa}},(1+O)(u-biphen) structures.

. _ {Ti(hfaa) 5}2(40)
Ti(tfaa) »Cl O Ti(hfaa) oCl O
{Ti(tfaa) 2Cl}2(1+0) {Ti(hfaa) 2Cl}2(+O) (uwbiphen)
Formula Ti209C20H16CloF12 Ti209C20H4Cl2F24 Ti2011C32H12F24
Formula weight 795.03 1010.93 1124.22

Crystal colour/habit

Yellow, needle

Yellow, cuboid

Red-purple, needle

Crystal system Monoclinic Tetragonal Monoclinic
Space group P2i/n 141/a Calc
Unit cell dimension a = 10.4051(15) a =23.1255(4) a=20.742(2)
1A b =12.3279(13) b = 23.1255(4) b = 8.5997(12)
/° ¢ = 11.5145(15) ¢ = 12.3948(5) ¢ = 23.463(3)
a =90 o =90 o =90
B = 96.815(5) =90 B =108.969(4)
y=90 y=90 y=90
Volume / A ® 1466.6(3) 6628.6(3) 3957.9(9)
z 2 8 4
Density cac / Mg m™ 1.800 2.026 1.887
Temperature / C -173(2) -173(2) -173(2)
Wavelength / A 0.71073 0.71073 0.71073
Absorption coefficiet / mm ™ 0.849 0.825 0.575
F(000) 788 3920 2208
Crystal size / mm 3 0.14 x 0.08 x 0.03 0.29x0.20 x 0.18 0.46 x 0.16 x 0.14
Theta range for data collection / © 2.431028.41 2.49to0 28.27 2.08 to 28.31
Index ranges -13<h <13, -30<h <29, -27<h <23,
-16 < k < 15, -29 <k < 30, -11<k<11,
-15<1<15 -16<1<15 -28<1<31
Reflections collected 11 345 34 701 18 134
Independent reflections 3670[R(int) = 0.0624] 4105[R(int) = 0.0399] 4902[R(int) = 0.0347]
Completeness to theta = 28.35/ % 99.5 100.0 99.5

Absorption correction

Semi-empirical from
equivalents

Semi-empirical from
equivalents

Semi-empirical from
equivalents

Max. and min. transmission

0.9750 and 0.8904

0.8657 and 0.7958

0.9238 and 0.7779

Refinement method

Full-matrix least-squares

Full-matrix least-

Full-matrix least-

on F? squares on F? squares on F?
Data/restraints/parameters 3670/0/207 4105/0/ 259 4902/ 78/ 340
Goodness-of-fit on F 2 1.030 1.017 1.026
Final R indices [I>2sigma(l)] R1 =0.0692, R1 =0.0357, R1 =0.0381,
WR = 0.1694 wR = 0.0812 wWR> = 0.0894
R indices (all data) R1=0.1148 R1 = 0.0454 R1 = 0.0547
WR; = 0.1959 wR; = 0.0871 wR2 = 0.0986

Largest diff. peak and hole / e A

1.168 and -0.777

0.524 and -0.377

0.565 and -0.349
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The following features are of interest:

* The structure consists of two octahedrally coat#d titanium atoms linked through an
oxygen atom at 180 °. The two THC octahedra of the dimeric structure are relatedach
other by a centre of inversion at the joining oxygeThe octahedral coordination around
titanium is slightly distorted,e., the bond angles vary from 83° to 99° compare#@din a

perfect octahedron.

« The Ti-Cl distances, 2.276 A (tfaa) and 2.232 fa#l), are comparable to the values found
in monomeric TB.Cl, structures (2.245, 2.269, 2.293 A f@r = dbnt® dpnf®, ba®
respectively) and other dimeric {JiCl} O structures (2.313, 2.319 A ffr= acaé’, dbnr?
respectively) but longer than the average 2.185sfadce for TiCJ>® The Ti-Cl bonds both
lie in the equatorial plane for tfaa and hfaa (andé’) compared to dbrf where one Ti-Cl

bond lies in the equatorial position and the othem axial position, seeigure 3.46

{TiB,Cl}(u-O) P = tfaa, hfaa {Ti(acac),Cl},(u-O) {Ti(dbm),Cl},(p-O)

Figure 3.46 Diagrams indicating relative positions of the Tit@Inds and bridging angle in {FiCl} »(u-O)
complexes fop = tfaa, hfaa, acac and dbm.

» The backbone of eadhdiketonato ligandi.e., tfaa and hfaa, is very close to planar. The
titanium atom lies slightly out of the plane definey thep-diketonato ligand with a Ti atom
displacement ofa. 0.17, 0.30 A anda. 0.17, 0.24 A (fo3 = tfaa and hfaa) from the ligand

plane.

» There are three different classes of Ti-O bondadises in the Ti€C| octahedron which
vary considerablyj.e., the short Ti-O bonds in the linear Ti-O-Ti bred@a. 1.79, 1.79 A),
and the intermediate, axial (meaa 1.95, 1.97 A) and longer, equatorial (mezmn 2.05,

2.07 A) bonds of the chelat@ddiketonato ligands, for tfaa and hfaa respectiysieFigure
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3.45andTable 3.2) The shortest Tig-O) distance is clearly shorter than one expeatea f
single bond (1.92 A); suggesting that the bridgli® bond possesses partial double bond
character arising from donation of the electronsifthep, andp; filled oxygen orbitals to the
unfilled titaniumd orbitals>® This double bond character may in turn stabifigeunusuasp

hybridisation of the oxygen atom.

Table 3.21 Selected bond lengths (A) and angles ( °) for dienstructures type (a) {B.Cl}»(1+-O),

(b) {TiB.} 2(1-O)(u-biphen), tetrameric structure type (c) $it-0)], and monomeric structures type (dBiCl,
for the-diketones indicated. Average bond lengths ard udeere necessary. Bond lengths, equatorial (red),
u—0 (orange) and axial (pink) are depictedrigure 3.45for {TiB,Cl},(1+O) structures witlp = tfaa and hfaa,
Figure 3.47for {Ti(hfaa),} .(1-O)(u-biphen) and-igure 3.48for [Ti(hfaak(1-0)]a.

8 Ti-O/ A Ticl/ A Bridging
Equatorial p-0 Axial Angle /°
(a) Dimer: {Ti B,Cl},(O)
ttaa  [42] 2.048 1.792 1.948 2.276 180.0
hfaa [43] 2.074 1.793 1.966 2.232 180.0
acac™ 2.045 1.797 1.939 2.313 167.6
dbm®? 2.025 1.786 1.947 2.319 173.9
(b) Dimer: {Ti B.}2(uO)(u-biphen)
hfaa [44] | 2.105 1.814 ‘ 1.992 ‘ 135.7
(c) Tetramer: [Ti Bo(+O)l4
hfaa [45] 2.102 1.797 1.983 158.5,157.2
' ' ' 171.0, 174.4
169.3, 169.3
dpm™* 2.122 1.806 1.968 ’
170.3,170.3
(d) Monomer: Ti B,Cl,
dbm?® 1.968 2.007 2.245
dpm®® 2.006 1.912 2.269
ba> 1.990 1.916 2.293

* TheB-diketonate Ti-O bondsans to anotheB-diketonate oxygen, are shortea(1.96 A)
than thoserans to ap-O or Cl atom¢a. 2.06 A). The highep-donor capacity of thérans
ligands chloride and oxide compared wiBhdiketonate oxygen may account for these

differences”
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* The angle at the bridging oxygen joining the titanium atoms is 180°. This, although
unusual, is expected fgp hybridised atoms. Large oxygen bond angles haes lnbserved
in other titanium dimeric compoundise., in {Ti.Cl}2(1+O), where the Ti-O-Ti angles are
167.5° and 173.9° fgs = acac’, dbnt? and in {CpTiCh} 2(1+O)°® where the angle is 180°. In
the case of {TiGKOPh){-OPh)L,*” a non-bridging angle, Ti-O-C(Ph), is 165.9°, whish

somewhat different in that the two atoms attacleokiygen are different.

» The metal coordination is influenced by the nawiréhe3-diketonato ligand, which can be
rationalised by considering the enhanced electritnenawing power of the hexafluorinated
hfaa ligandvs. the trifluorinatedtfaa ligand. The coordination ability of the O atomtire
former is weaker (longer Ti-O bond lengths) dudhte presence of an additional electron-
withdrawing CR group in hfaa. Consequently, the Ti-Cl bond isorsger in
{Ti(nhfaa),Cl} »(1+0) than in {Ti(tfaa)Cl}(1-0), i.e., 2.232vs. 2.276 A. This trend is also
observed for the less electron withdrawing (nomfflbated) ligands, acac and dbm, where the
Ti-Cl bond is even weakeire., 2.313 and 2.319 A respectively (Skable 3.2).

« Although T{V has the electronic configuratiom®3 complexes of the type [BiCl,] are
generally coloured. It was initially proposed bgyFet al.*® that the orange colour in
Ti(acac)Cl, was due to charge transfer from the chlorine atonthe titanium atom.
However, after the crystal structure determinavd{Ti(acac)Cl}(xO) (orange) in 1967,
no evidence for such a charge transfer was obtdnoed the Ti-Cl bond lengths. Similarly,
there is no indication in {Ti(tfaall} ,(1+O) (yellow) and {Ti(hfaag)Cl}.(1-O) (yellow) as
evidenced by the Ti-Cl bond lengths of such a feansThere is however, involvement of
oxygenp electrons in the~O (and also from oxygens on tBediketonato groups) with the
orbitals of titanium, suggesting that the colouthiese compounds is probably due to these
electrons. Such a ligand-metal charge transferham@sm is consistent with the colour
variation in the series: yellow, yellow-orangeange, orange-red and r&d The monomeric
structures all fall within this colour range: BECI;] for B = tfaa, hfaa (yellow), tfma, tfba

(orange), tfdma, tftma, (deep orange) and tffin, tfed).

Crystallographic aspects Large displacement ellipsoids are observed afptrehery
(on the fluorine atoms) of the molecule, indicataéess restricted packing environment. No

obvious or significant packing effects or interans are noted.
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3.3.2.3 Dimeric Structure { Ti(B)2}2 (U-O) (p-biphen)

Geometrical Aspects A molecular diagram indicating atom labellingcampanied by a

schematic diagram indicating bond lengths and doatin around the titanium centre of
{Ti(hfaa),}( u-O)(u-biphen)[44]>°, are presented iRigure 3.47. Crystal data and details for
data collection and refinement are summarisedable 3.20 Complete tables of bond

lengths and angles are available on digital format.

{Ti(hfaa) 2}(1-O)(p-biphen)

/

)
2
27

7,
,0(9/,//

957, (@) 8
(GRS WOy, o

12, ‘ ! iy, o
G \gsy ey

Figure 3.47 Left: The molecular structure (30 % probability disglaent ellipsoids) of {Ti(hfaa)(u-O)
(u-biphen), showing the numbering scheme (primedsalbeicate atoms generated by symmetry operations)
Right: Diagram indicating coordination and distancesiatbthe titanium centre

The following features are of interest:

* The structure consists of two octahedrally coat#d titanium atoms linked through an
oxygen atom, forming an angle of 135.7° and a bhipleto-O,0' group. The two portions of
the molecule are related to each other by a twofotdtion axis which passes through the
joining oxygen and the mid-point of the central &@nd of the bridging biphenolate ligand.
The octahedral coordination around the titaniumslightly more distorted than in the
{TiB.Cl} 0 structures due to the bridging biphenolato grdbp; titanium atom is near the
centre of the octahedron and bond angles vary tvetween 77° to 100°. This maximum

angle deviation ofa. 13° compares to 9° in the {JiCl},O dimers.
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» The biphenolato ligand acts as a unidentate brgltigand. It also has the ability to act as a
bidentate chelating ligand as in the case of theameric Tif).biphen structures, see section
3.3.2.1.

» The Ti-O bond distances in the EiOctahedron vary considerably; the shortest beargy p
of the bridging atoms,e., the Ti-O bonds in the biphenolato bridge (c&814y and the Ti-O-

Ti bridge €a 1.81 A) and the intermediate, axiah(1.99 A) and longer, equatoriata(2.10

A) bonds of the chelategdiketonato ligand (seEigure 3.47). There is evidence ofteans
influence of the bridging oxygen across the titanium atdme; lbnger Ti-O bond to each hfaa
is found to berans to the bridging oxygen. The length of the bridglonds, Ti-(~+O) and
Ti-(biphelato-O,0"), once again, suggests partailde bond character, arising from donation
of the electrons from filled oxygemorbitals to the unfilled titaniurd orbitals. This ligand-
metal charge transfer from the oxygen atgmelectrons) to the titanium atom (empdy
orbitals) could justify the fact that {Ti(hfadjp-O)(u-biphen)} complex, with & electronic

configuration, is strongly coloured (deep red-peiypl

 The angle at the bridging oxygen, joining the ttitanium atoms, is 135.7°, which
according tosp hybridised geometry, should be 180°. The corradpm bridging oxygen
angle is much larger in dimeric structures, A1} .(1~0O), where the Ti-O-Ti angles are
167.5°, 173.9°, 180°, 180° f@ = acac', dbnT? tfaa and hfaa respectively. This large
distortion (deviation from ideal, 44°) can be &iiied to the strain in accommodating the

bridging biphenolato ligand.

* The B-diketonato rings (hfaa), are very nearly planarhe titanium atom lies slightly
outside on the plane defined by tBaliketonato ligand with a Ti atom displacementcaf
0.01 A and 0.25 A from the ligand plane.

Crystallographic aspects Large displacement ellipsoids are observed apéngphery of
the molecule, indicating a less restricted pacléngironment. No obvious or significant
packing effects or interactions are noted. The Gfg group, showing extensive thermal
vibrations, was treated by disordered refinemeghri@ues, to obtain more satisfactory
refinement parameters. Site occupancies for disedlparts refined to a ratio of 7227.8

for disordered parts A and B respectively.
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3.3.2.4 Tetrameric Structure [ Ti(B)2 (U-O) 14

Geometrical Aspects A molecular diagram indicating atom labellingcampanied by a

schematic diagram indicating bond lengths and doatin around the titanium centre of
[Ti(hfaa)y(u-O)]4 [45], are presented ifrigure 3.48. Crystal data and details for data
collection and refinement are summarised able 3.22Complete tables of bond lengths and

angles are available on digital format.

o 2112

Figure 3.48 Right: The molecular structure (30 % probability disglaent ellipsoids) of [Ti(hfaaju-0)],
indicating the numbering schemkeft: Diagram indicating coordination and distances &jund the titanium
centre (values are given without esd.).

The following features are of interest:

» The four titanium atoms lie in a plane
forming a squareHigure 3.49. This is

one of eight different configurations that
tetratitanium oxygen-bridged complexes

can adopt: square, cube, capped

parallelogram, butterfly, planar linear,
planar, bowed linear/plate and zigZ4g.

Figure 3.49 The backbone of [Ti(hfag)u-0)ls
showing the square formation by the four Ti atoms.
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Table 3.22 Crystal data and structure refinement data foatesric, [Ti(hfaa)(1~O)].

3

Formula TiaO20CaoHgFas Crystal size / mm 0.40 x 0.35x 0.29
. Theta range for data

Formula weight 1912.06 collection / Deg 1.44t0 28.35

Crystal colour/habit Yellow, cuboid Reflections collected 55 209

Crystal system Monoclinic Independent reflections 15 535[R(int) = 0.0301]
Completeness to theta =

Space group P21/n 28.35 / % 98.7
/L’J&nlt cell dimension Ei 12232(2) 17<h<18,
P ~ 28.3400(7) Index ranges -21 <k < 15,

°d ¢ = 28.3400(7) 355137

o =90
B =99.7990(10) . i Semi-empirical from
Absorption correction )
y=90 equivalents
Volume / A3 6298.6(3) Max. and min. transmiss. 0.8227 and 0.7670
7 4 Refinement method Full-matrix Ieagt-squares
onF

Density cac / Mg m™ 2.016 Data/restraints/param. 15535/0/1007
Temperature / T -173(2) Goodness-of-fit on F 2 1.030
Wavelenath / A 0.71073 Final R indices R; = 0.0465,

avelend ' [1>2sigma())] WR; = 0.1189
Absorption coefficiet / o R; = 0.0608
mm-t 0.700 R indices (all data) _

WR2 = 0.1333

F(000) 3712 Largest diff. peak and 1.953 and -1.241

hole/e. A3

Each titanium atom has a distorted §it2tahedral coordination. Theoxo atoms are nearly
in the same plane, but they are shifted out froenstjuare sides, with O-Ti-O angles of 99.8°,
101.4°, 101.7° and 102.3° (sEigure 3.48. This is comparable to [Ti(dpagu-0O)]s, >* with
O-Ti-O angles of 100.5°, 100.3°, 100.5° and 99%imilar tetranuclear (Ti-Q)rings have
also been found in [Cp'TiGlO)], derivatives where Cp' =s8s..Me,; n = 0, 1, 4, 8 with
O-Ti-O angles in the range 103 - 105°.

* The angles of the two opposite bridging oxygen H8.5°, 157.3° and 174.4°, 171.0°
respectively, which is smaller than the expecte@’ B cording tep hybridisation geometry.
However, these angles are consistent with the oxygielging angles found in the dimeric

structures, {TB.Cl} 2(1~O), 167.5° and 173.9° f@ = acac’, dbnT? and larger than 135.7° for
{Ti(hfaa)2}( L-O)(-biphen).
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» Three different Ti-O bonds are present. the she® bonds in the near linear Ti-O-Ti
bridge €a. 1.80 A), the long Ti-O bonds with oxygémans to O (ca 2.10 A) and the Ti-O
bonds of intermediate length with oxygeiss to £+O (ca. 1.98 A), seerigure 3.4Q Similar
pairs of bonds were found in the preceding dimstriactures. A strontyans influence of the
bridging oxygen, in the plane of the [Ti-0)]4 ring is observed, where tifiediketonate Ti-O

bondstransto thes~O are elongated.

Crystallographic aspects Slightly larger displacement ellipsoids are oledrat the
periphery of the molecule, indicating a less rettd packing environment. No obvious or
significant packing effects or interactions areeabt The one Gigroup, showing extensive
thermal vibrations, was treated by disordered esfiant techniques, to obtain more
satisfactory refinement parameters. Site occuparfor disordered parts refined to a ratio of
49.0 : 51.0 for disordered parts A and B respelstive
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3.4 REACTION KINETICS

3.4.1 Substitution Kinetics

Three types of substitution reactions of octahed@i@dV) complexes were investigated. The
first involves the substitution of two monodentatelorine ligands of T[).Cl, with the
chelating biphenolato ligand. The second involtles successive substitution of the two
chelatingp-diketonato ligands of Tp).biphen with anothep-diketonato ligand, Hacac and
the third, the substitution of the bidentate bipilato ligand () of Ti(acac)biphen with

ligands of different ring sizes, i.e., 5-membered),(7-membered (I) and 8-membered ).

. ; . . . . 5o0r7or8 .
Ti(B),Cl, _Hebiphen _  Ti(B),biphen __Hacac _ Ticacac),biphen —L°*™"_ Ti(acac),L50 7o 8
Section Section Section
3411 3.4.1.2 3.4.1.3

3.4.1.1 Substitution of Ti( B).Cl, complexes with biphenol

The results for the substitution of monodentatdi@ands in complexes of the form [)¢Cl.
with bidentate biphenol is reported. Initially ttsibstitution of Ti(acaell, [23] was
monitored and then the behaviour pattern of theesavith = ba, dbm, tfba, closely related
by only varying the R-group in thgdiketonato ligand, i.ef}= PhCOCHCOR with R = CH
(ba)[21], Ph (dbm)22] and CK (tfba)[17], was assessed.

The reaction was studied by means of UV/vis teaesqunder pseudo first order conditions
with incoming [Hbiphen] at least ten times higher than the conaéatr of the titanium

complex.
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UV/Vis Spectroscopic properties The UV spectra of the reactant, [f)iCl;], and the
product of substitution [Tf)-biphen] were recorded in acetonitrile a5 seeFigure 3.50
for p = acac. The experimental wavelengths,, are listed inTable 3.23 The complexes
obey the Beer Lambert law, A &Cl, with € = extinction coefficient andl = path length (1
cm), in the concentration range utilised for theekic studies. This is confirmed by the linear

relationship of absorbance (#3. concentration (C) measuremerfggure 3.51

3.0 7

15
2.5 Ti(acac),biphen
1.0 201
< < 1.5
05 1 Ti(acac),(biphen) 1.0
0.5 1 Ti(acac),Cl,
Ti(acac),Cl;
0.0 T . 0.0 . : . . .
300 400 500 600 00 01 02 03 04 05
A/nm Concentration / mM
Figure 3.50 UV spectra of 0.2 mmol dth Figure 3..51 The graph of absorbanos.
solutions of reactant, [Ti(ac#el,] and product, concentration, measurediaj, as indicated in
[Ti(acac)biphen] at 20 °C in CECN. Table 3.23

Product identification The products, Tp).biphen withp = acac, ba, dbm, tfba, of the
substitution reaction, Tpj.Cl, + Hyxbiphen, were synthesised as described in the enpatal
section; by refluxing stoichiometric amounts of (B)Cl,] and Hbiphen in CHCN (bp 82
°C), under an inert atmosphere foa. 6 hours. To confirm product formation at the
experimental temperatures at which the substitlkinatics was followed, i.e., 10 °C - 40 °C,
the synthesis was repeated at room temperaturechitmetric amounts (representing
second-order conditions), stirred at room tempeeafior 24 hours under an inert atmosphere,
generated the product in low yields (<10%). It Woappear that heat or an excess of
biphenol is needed to drive the reaction to conyiet

[Ti(B),Cl,] + Hybiphen [Ti(B),biphen] + 2 HCI

The 'H NMR spectra obtained in each case was consistitht the correct product as
described inSection 3.2.3.2 The products, Ti(acat)iphen and Ti(babiphen, were also
characterised by single crystal Xray crystallogsgseeSection 3.3.2.1.
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Substitution kinetics Two kinetically distinct steps were observed wiieliowing the
reaction on a UV/vis spectrophotometer; a fast 8tep followed by the second slower step
(seeFigure 3.52. The rate of the second reactionca10 times slower than the first

reaction, thus there is negligible coupling betwtdentwo stages and the rate constants can be

determined independently.

0.10 1
&
0.08 I‘ 2" reaction
{1
8 i
£ 0061
£ 1!
3 00ad |
< : 1% reaction
|
0.02 1
) *
0.00 . . .
0 20 40 60
Time / min

Figure 3.52 Absorbancess. time data of the UV/vis monitored reaction of T#a)Cl, atA = 336 nm,
illustrating the two reaction steps observed. E1).2 mmol dri? and [Hbiphen] = 0.04 mol dfA

From the absorbance-time data of the first reactiom pseudo-first-order rate constdqts

was determined by fittirfg the absorbance data to the first-order equéfion,

= Kobs t
where A indicates initial absorbance; Absorbance at time t and, Absorbance at infinity.

The graph okgps plotted as a function of the incomingliphen concentration is a straight
line with a non-zero intercept (s&&gure 3.54, which implies a first-order dependence on
[Hobiphen]. The general rate law applicable to thibssitution reaction, is a two-term
expression,

rate = {ks + k, [Hobiphen]} [Ti(B),Cls]

= Kobs [Ti(B)2Cl7]

For [Hzbiphen] >> [Ti@).Cly], the pseudo-first-order rate constakhs = ks + ko[H2biphen]
with k, the second-order rate constant for the substitygrocess anés the rate constant for

the solvent pathway.k{= y-intercept and, = gradient oky,sVs. [Hzbiphen] graph)
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The non-zero intercept of these graphs @Sgere 3.54), implies that the solvent, GBN,
contributes to the reaction mechanism, althougbnig a relatively minor way Scheme 3.10
shows the two pathways followed in the substitutieaction. The coordinating ability of
CHsCN is confirmed by théH NMR spectra of Ti(acagl, (seeFigure 3.53. In CDCkthe
uncoordinated Ti(acag}l, species, shows one set of proton signals correspgprid the
methyl protons of acac as a singleé & 19 and methine protons of acac as a singke629.

In CH;CN, both the uncoordinated and solvent-coordindiéacac)Cl, species are observed
in the ration of 10:1. Split resonances are olettyvecause the methyl and methine groups

are not chemically equivalent in the seven-cootdiadi(acac CHsCN)CI, species.

(b) CDsCN
Uncoordinated
» species
Coordinated
species
(a) CDCl5
r T T T T T 0.000 T T T T !
6.2 6.1 6.0 59 22 21 pp 0.00 0.01 0.02 0.03 0.04 0.05
[H,biphen] / mol dm
Figure 3.53 Partial’H NMR spectra of Figure 3.54 Graphs of pseudo-first-order rate
Ti(acac)Cl; in uncoordinating solvent (a) CDLI constantsk,ps vs. [Hbiphen] at 25 °C for Tf{),Cl,
and coordinating solvent (b) GON. with B = ba, dbm and tfba, showing non-zero

intercept. [Ti complex] = 0.1 mmol din

The solvent contribution is more noticeable in #bstitution reaction of Ti(tfball,,
containing the highly electron-withdrawing groupFsC The B-diketonates are non-labile
ligands; and the influence on the reactivity is ibgirectly affecting the electron density
around the titanium centre. In the series studigdibm)Cl, and Ti(ba)Cl, with R = Ph and

CHjs respectively have similar electron-withdrawing dencies ite., ypn = 2.21 andycps =
2.34) and identicaks values while Ti(tfba)Cl, with R = Ck has an increased electron

withdrawing ability (i.e.xcrs = 3.01) and a largég value.
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K2 [Tipy(Hobiphen)Cl] — == [TiB,(Hbiphen)Cl] ——~ —~ [[TiB,(biphen) ]
+ Hybiphen - Clgggre - HCI
[TiBCl>] chen
- 3
+ CH3CN + H,biph i .
B [TiBZCIZ(CH3CN)]$n> [ TiB,(Hbiphen)CI(CHsCN) ] — > — > — =
Ke -

Scheme 3.10 Diagram showing both the direct and solvent pattavay

The second order rate constant,was large relative tks and of similar order for the series
with B = dbm, ba and tfba (ranges from 0.2 - 0.5’ ha® s*, T = 25 °C). This implies that
the B-diketonato ligands, which are non-labile ligands,not significantly influence the rate
of substitution in Ti§).Cl, The second substitution reaction waghlidhen] independent and
more thanl10 times slower than the first step. fie constants are summarisedTable
3.23

Table 3.23 Kinetic data and activation parameters for the sulti®n reaction of T(PhCOCHCORJI,, R =
CHjs (ba), Ph (dbm), CHtfba) with Hbiphen. Data for Ti(acag}l,, acac = CHCOCHCOCH is also included.

Complex R R Aexp T Rate constants Activation parameters
TiB).Cl, Yo |k A A ) sl
nm T mol *dm°s s kJ mol Jmol * K kJ mol
9.5 0.1429 0.0006
dbm Ph 221 450 255 0.4853 0.0029 52.6 -79 76
40.0 1.3458 0.0097
10.0 0.1409 0.0004
ba CHzs 2.34 380 25.0 0.3314 0.0028 36.0 -133 76
40.0 0.6905 0.0082
10.0 0.0947 0.0034
tfba CF3 3.01 450 25.0 0.2275 0.0117 39.1 -126 77
40.0 0.5036 0.0263
15.0 0.062 0.0001
acac g:z 340 | 25.0 0.153 0.0046 5.6 -62 78
36.2 0.365 0,0133

&y = group electronegativity (Gordy scale).
For the second kinetically observable step oBJE(l, at T = 25 °C, the rate constarit; = 0.0003 & (dbm),
0.0009 & (ba) and 0.0015 (acac).
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Activation Parameters The enthalpyAH®, and entropyAS’, of activation for the

reaction were determined from the temperature ddgrere study, where the dependencie of
in the temperature range of T = 10 - 40 °C was watall, sed-igure 3.55 The rate

constantsys. temperature data were least-squares fitted aiccpid the linear form of the
Eyring relationship

k _ -AH*  ASH kg
n—= — +— + In—
T RT R h

whereR is the universal gas constakg, the Boltzmann’s constant amdPlanck’s constant.
The Eyring curve of InG/T) vs. T2, is linear (se€igure 3.55insets), with a slope oAH"/R,
and an intercept of {Ih&/h) + AS/R}. The free energy of activationG”, is calculated from
the equationAG” = AH* - TAS"®® The activation parameters are summarizetaiole 3.23

0057 () Ti(acac),Cl, 0067 (b) Ti(dbm) ,Cl,
~ =
00ad 5 0.05 7 § K
T =7
36.2C
003 . 0044 -8

0.0031 0.0033 0.0035 0.0037
T /K
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Figure 3.55 Graphs of Ink,/T) vs. T* for the substitution reactions of F)¢Cl, with H,biphen, = acac, ba,

dbm and tfba. [Ti complex] = 0.1 mmol &n

[H,biphen] / mol dm
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Proposed Mechanism The proposed reaction pathway from reactant radyct is
illustrated inScheme 3.11 The substitution takes place in two kineticaligtinct steps, a
relatively fast, concentration dependent first tiac followed by a slower concentration
independent step. The order of the reaction kieesuggests that the first reaction is the

binding of the incoming ligand, 4diphen, and the second reaction, rate-limiting glogure.

First reaction

7-coordinated Ph intermediate

transition state
complex
RN
i, S On, | G

Second reaction ring
closure

7-coordinated
transition state
complex

Scheme 3.11 Proposed reaction pathway illustrating the assiveiahechanism for the direct substitution of
[Ti(B)2Cl,] with biphenol.

The large negative activation entropy of the fisstp is consistent with the substitution
proceedingvia an associative mechanism. This is expected, siotahedral complexes of
Ti" (d® are coordinatively unsaturated (i.e.,BJClz is a 12-electron species) and therefore
an associatively activated pathway would be preterrThe existence of the solvent pathway
(i.e., ks # 0) is mutually consistent with an associative nagitm since it demonstrates that
the reacting species, B)Cl,, easily coordinates to the solvent or binds assivelly to the

incoming ligand, Hbiphen, forming a seven-coordinate transition stataplex.

When considering the nature of the transition st ).Clo(Hzbiphen)], in which the
biphenolato binds to the Ti nucleus through onlg ohthe O-atoms, is expected to form first.
This transition state may then convert to anotrendition state in which the biphenol ligand

becomes bidentate. A seven-coordinate transiti@te scomplex is viable, as stable
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complexes with coordination numbers greater tharag known for Ti(IV), for example, 7-
and 8-coordination are shownTmable 2.1. The common geometry for 7-coordinated Ti(IV)

1.5 In a dissociative

complexes is pentagonal bipyramidal, as in the cds€i(Me.dtc)C
mechanism, the 5-coordinated cationic speciespXi(]*, formed by breaking the first Ti-Cl

bond, is considerably less likely.

Computational Study A DFT computational study was carried out toniify the
transition states and calculate activation pararaeté the two step substitution reaction of
bidentate biphenol for the two monodentate ligiands in Ti(acagLl,. It was found that the
6-coordinated reactant proceeds through a 7-coatelintransition state, which collapses to
give a 6-coordinated intermediate structure. Taleutated optimized geometries are shown
on the right. Distances are in Angstrom (A) anadsthat are breaking or forming are

shown in dashed representation.

The optimised reactant structure, comprising Reactant struc ture
Ti(acac)Cl, and biphenol, indicates the formation of

an O-H---Cl interaction.

At the transition state, the attacking oxygen atem
positioned 2.14 A from the Ti ion, while the Ti-Cl
distance is 3.17 A, which is 0.89 A longer tharthe

reactant complex. The OH proton is located 2.02 ,
from the chloride atom. The O-H bond of the

hydroxyl moiety is only slightly elongated compared Transition state (1) structure
to the reactant structure (from 0.98 A to 1.0 Ahat

7-coordinated
pentagonal-

bipyramid

transition state). Analysis of the transition sta
eigenvector shows dominating contributions fro
the four bonds, O-Ti, Ti-Cl, CI-H and O-H,
indicating that formation and dissociation of the:
bonds (i.e., attack of the OH oxygen on the Ti ato
dissociation of Cl and proton transfer from the
attacking OH to the CI) occur almost simultaneous

suggesting an interchange (associative) mechanism.
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The intermediate geometry exhibits coordination of Intermediate structure
the biphenol molecule to the Ti through one oxyge
atom. The released HCI molecule is hydroger
bonded to the second OH of biphenol.

The second transition state, for attack of the iséco Transiton state (2) structure
OH oxygen on Ti is similar to the first transition
state, exhibiting a 7-coordinated structure and
involving concerted oxygen attack, chloride release
and proton transfer. At the second transitionestat
the attacking oxygen atom is found 2.24 A from the
Ti ion. The CI ion is partially displaced and is
located 3.13 A from Ti. The O-H bond is elongated
to 1.03 A, while the H-Cl distance is 1.83 A.

The optimized product structure is six-coordinated.
The two released HCI molecules are found hydroge
bonded to the complex. Removal of the HCI, eithe
by evaporization (during synthesis) of by diffusing
away into solution (during reaction kinetics) dsve

the reaction to completion.

The computed thermodynamic parameters for the fiiestsition state (TS1), intermediate,
second transition state (TS2) and final productsiiavn inTable 3.24 The experimentally

obtained activation energies are comparable tovalhees computed for TS1. The computed
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activation enthalpyAH®, (including thermal corrections, 298.15 K) for tfiest transition
state of 66.1 kJ md] is only a slight overestimation of the experinadigt determined
reaction enthalpy of 59.6 kJ nol Entropy calculations are very sensitive to loegfiency
modes, and thus should be considered an estimiate. vislonetheless, the calculated entropy,
AS" = -46.5 J mol K, compares well with the experimentally obtainetivation entropy

of =62 J mof" KX, Employing both computed enthalpy and entropy filal activationAG”,

is 80.0 kJ mat, which is practically the same than the experimiéntietermined value of 78

kJ mol™.

Table 3.24 Computed energies for biphenol substitution aB)Eil, (298.15 K). All values are given
compared to the reactant.

Computed Experimental
Ti(B),ClI
(B)=Cl: AH AS AG AH* AS* AG*
kimol™ [ Jmol* K| kimol™ | kIimol™ [ IJmol?K?| kImol?
Reactant 0.0 0.0 0.0
TS1 66.1 -46.5 80.0 59.6 -62 78
Intermediate -11.5 4.0 12.7
TS2 65.5 -47.8 79.7
Product 13.9 13.2 10.0

The computed activation enthalpy for the secong $$76.9 kJ mot compared to the
intermediate (and 51.6 kJ mfatompared to the reactant). The higher activatichapy for
the second step, agrees with experimental resulitsh indicate that the second step of the
reaction is about 10 times slower than the firspst The removal of HCI bring the final
calculatedAG for the overall reaction

[Ti(acac),Cl,] + Hybiphen

[Ti(acac),biphen] + 2HCI ~ AG"=-15.1kJ mol*

The computed mechanism for biphenol substitutiomigtcac)Cl; is in agreement with the

experimental data and proposed reaction pathwah@sn inScheme 3.11
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3.4.1.2 Substitution of Ti( B)2biphen complexes with B-diketone

The results for the substitution of two bi-chelgtpidiketonato ligands in complexes of the
form Ti(B)-biphen, with another bi-chelatirfiydiketone, Hacac, is reported. The behaviour
pattern of this series, closely related by onlyyireg the R-group in th@-diketonato ligand,
i.e., p= PhCOCHCOR with R = CH(ba) [32], Ph (dbm)[33], and Ck (tfba) [28], is

assessed.

Mixed ligand intermediate

—_—

CH /(Q
; HO {

RN 9 HsC Q
o, g : o, s
0=
io(i,,\o O CHy i

_HB

| reaction A I reaction B |

The substitution takes placga two consecutive reaction#y, and B, with each reaction
involving two steps. The observed reactions agestibstitution of ong-diketonato ligand at

a time, i.e., the product of one reaction becorhes¢actant in the next and the intermediate,
the mixed-ligand complex, is directly detectable'ehNMR. The reaction was studied by

means ofH NMR and UV/vis techniques.

'H NMR Spectroscopy  The reaction, Ti(tfbapiphen + Hacac, and the reverse reaction,
Ti(acac}biphen + Htfba, were monitored at 25 °C under husttudo-first order and second
order (equimolar) conditions. Equilibrium existetlveen the intermediate and the final
product of substitution under both excess and egjaimconditions since the mixed-ligand
complex is more stable than either of the parenproduct compleX’ In addition, under
second order conditions, equilibrium exists betwienparent and intermediate, i.e., reaction

A is only driven to completion with a large excesshe incoming ligand.

Kn Ke
H
Titba),biphen ———==  Ti(tfba)(acac)biphen =<2~ Ti(acac),biphen
- Htfba - Htfba
K A K &

If Hacac >>Ti(3),biphen, then k 5 =0

The substitution reaction was followed by monitgrithe methine resonances of the

complexes involved; the disappearance of reacf@iftfba).biphen], at lowest field, and the
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appearance of two signals of the mixed-ligand cex@t intermediate field and the final
product of substitution, [Ti(acad)iphen], at highest field. Th@-diketone can also be
monitored, i.e., the appearance of Htfba and teeptiearance of Hacac (under second order
conditions). The partialH NMR spectra for the substitution of [Ti(tfbB)phen] + Hacac
under pseudo-first order (40x excess) and second order (equmuolixture) conditions are
shown inFigure 3.56(a)and(b). For reactiorA, the decrease of Ti(tfbdiphen and increase
of Ti(tfba)(acac)biphen is monitored while for réan B, the increase of Ti(acatjphen is
monitored. The resonances at lowest and highesd faire due to Ti(tfbahiphen and
Ti(acac}biphen, respectively, while the two lines at intediate field are assigned, in order
of increasing field, to the tfba and acac resonsncespectively, of the mixed-ligand
complex, Ti(tfba)(acac)biphen.

Similarly, the partiatH NMR spectra for the reverse substitution reagtjdi(acac}biphen]

+ Htfba are shown ifrigure 3.57(a) and(b). The decrease of Ti(acasiphen and increase
of Ti(tfba)(acac)biphen is monitored for reactidn while the increase of Ti(tfbaZiphen is
monitored for reactio®. The time trace of the results is showrFigure 3.56 andFigure
3.57on the right hand side. Both tpeeudo-first and second order data fitted to first order
kinetics indicating that the the rate determinitepss independent of the concentration of the

incoming ligand.

The time-based data was procesgadchormal single stage treatment (i.e., by utilisiing first
part of concentration-time data for reactidrand the last part of concentration-time data for
reactionB) and the consecutive reaction motfelSimilar rate constants were obtained when

using either treatment. Kinetic data is summariaelhble 3.25

Table 3.25 'H NMR kinetic data for the substitution reaction of Teéhbbiphen + Hacac and the reverse
reaction Ti(acagpiphen + Htfba at T = 25 °C. Fpseudo-first order, [Ti complex] = 5 mmol dif) [Hacac] =
200 mmol drit and [Htfba] = 50 mmol diand for second order conditions, [Ti complex] =rol dm®,
[Hacac] = 10 mmol dfiand [Htfba] = 10 mmol dif

Pseudo-first order Second order
Reaction - - - -
Kayobs /'S Kyobs /'S Kayobs /'S K@yobs /S
Ti(tfba),biphen + Hacac 0.0026* 0.0022* 0.0020 0.0024
Ti(acac),biphen + Htfba 0.0027 0.0010 0.0019 0.0025

*Rate constants for reactioA and B are the same. Comparison ghk 'H NMR results Table 3.25
highlighted yellow, reactiod andB) to UV/vis results Table 3.2 highlighted yellow, either reactioh or B),
shows identical values.
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Ka kg
Ti(tfba)(acac)biphen —=—= Ti(acac) ,biphen
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Figure 3.56 Left: Partial dynami¢H NMR spectra of the substitution reaction in Ch@aken immediately
before dissolution of Ti(tfbabiphen + Hacac, undéa) pseudo-first order (40x excess Hacac: [Ti] =5 mmol
dm™ and [Hacac] = 200 mmol di and(b) second order (equimolar: [Ti] = 10 mmol drand [Hacac] = 10
mmol dm®) conditions. Right: Integration unitws. time data obtained for thel NMR monitored substitution
reaction, Ti(tfbagbiphen + Hacac, in CDght 25 °C
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Figure 3.57 Left: Partial dynami¢H NMR spectra of the substitution reaction in Cptaken immediately
before dissolution of Ti(acadjiphen + Htfba, unde(a) pseudo-first order (10x excess Htfba: [E]5 mmol dm?
and [Hacac] = 50 mmol di) and(b) second order (equimolar: [E]10 mmol dn? and [Hacack 10 mmol drif)
conditions. Right: Integration unitss. time data obtained for tHel NMR monitored substitution reaction,
Ti(acacbiphen + Htfba, in CDGlat 25 °C
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UV/vis Spectroscopy  The UV spectra of the reactant, fjibiphen], and the product of
substitution [Ti(acagpiphen] were recorded in acetonitrile af@5 The titanium complexes
obey the Beer Lambert law in the concentration eaafy kinetic study, confirmed by the
linear relationship of absorbanes. concentration measurements ($a@gure 3.51for § =
acac). The experimental wavelengths,, at which the substitution reactions were
monitored (listed inTable 3.2, allow one to observe only reactidnor reactionB. Since
both consecutivg-diketonato substitution reactions proceed at simites (according ttH
NMR data in previous section), one cannot distislglbetween reactiof and reactiorB in
terms of rate constants, i.eqndfa) = Konsgy HOwever monitoring the reactiona UV/vis
spectroscopy provided additional information. Theividual steps, i.e., addition of Hacac
(step J and ring closurestep 2 are observed as two kinetically distinct stepphe proposed
mechanism ir6cheme 3.1Zhows the two steps in both reactir(first f-substitution) and

reactionB (second3-substitution).

No kinetic data was obtained for the first steft @soved to be impracticably fast, but it was
detected from the UV/vis spectra of [Fifbiphen] + Hacac measured immediately after
mixing at constant time intervals; the large diéfiece between the first and second scan

relative to the following scans, is indicative ofexry fast initial reaction.

The rate of the second reaction was independecbréentration of the incoming Hacac (as
observed orffH NMR). This is confirmed by the graph kfysVs. concentration of incoming
ligand (seeFigure 3.59, which yields a horizontal straight line (zeradient). A solvent
pathway is not expected since £HN does not readily coordinate to f){biphen as
demonstrated by thtH NMR spectra of Ti(acaghiphen in both CDGland CRCN (see
Figure 3.58. In CDCkthe uncoordinated Ti(acabjphenspecies, shows methine protons of
acac as a singlet at5.78 and the biphenolato ring protons arrangethénratio, 2:2:2:2
(d,t,t,d) até 6.83; 6.96; 7.18; 7.36. In GBN, only one species is observed, in the same
pattern and slightly shifted as expected. Thetldrdata for the second reaction is reported in
Table 3.26 The substitution reaction, Ti(tf@)phen + Hacac, at T = 25 °C and under
pseudo-first order conditionon was monitoséa both*H NMR and UV/vis, allowing one to
compare the §¢s values (se@able 3.25andTable 3.26 values highlighted in yellow). These

values are mutually consistent.
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(b) CD5sCN . . *
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Figure 3.59 Graphs of pseudo-first-order rate
constantsk,ys Vs. [Hacac] at 25 °C for Tf),biphen
with B = ba, dbm and tfba, showing horizontal
straight lines (zero gradient). [Ti complex] = 0.1
mmol dni®.

Figure 3.58 Partial'H NMR spectra of
Ti(acacbiphen in uncoordinating solvent (a)
CDCl; and coordinating solvent (b) GON.

Table 3.26 Kinetic data and activation parameters at 25 °GHersubstitution reactiom\(or B) of
Ti(B).biphen + Hacac with = dbm, ba and tfba.

Complex R AR Aexp T Rate values Activation parameters
# # #
Ti(B)zbiphen nm T rrt1l|/2n k;’?s kJAr:oI'l J m?)?l Kt kJArfol'1

25 289 | 0.00004

dbm Ph 2.21 | 420 40 0.00010 58.4 -134.7 98.5
60 0.00050
25 72 0.00016

ba CHs 2.34 | 390 40 0.00037 37.3 -192.5 94.6
60 0.00088
10 0.00055

tfba CFs 3.01 | 410 25 6 0.00208* 55.8 -109.6 88.5
40 0.00590

Comparison of k- UV/vis results Table 3.26 highlighted yellow, either reactioh or B) to *H NMR results
(Table 3.25 highlighted yellow, reactioA andB), shows identical values.

The effect of the substituents R on the behavio iPbCOCHCOR) as a leaving ligand was
observed; the reactivity towards substitution i{B)biphen increases with an increase in the

electronegativity of the substituents R of fhdiketonato ligand. There is more than a 10x

167



RESULTS AND DISCUSSION

increase in the rate of substitution for tfba corep@ ba or dbm. It can be seen that is

larger (substitution is faster) if the leavirfydiketonato ligand is less™ eich (more
electronegative) than the incomifediketonato ligand. Replacement of strongly elaetr
withdrawing ligands from the *i core with relatively electron-donating ligands IWissen

the electrophilic nature of the electron starve Tore, thereby stabilising it.

Activation Parameters  The dependence &f,s on temperature (sdggure 3.67), allows
for the determination of the activation parametatd”, TAS" and AG", which are listed in
Table 3.26 The large negative activation entropy is coesistvith the substitution process

proceeding/ia an associative mechanism.

-9 q
0.007 7 Ti(tfba),biphen
0.006 - - . * PS 40.0C -
-11 4
0.005 4 ) )
- r: Ti(tfba),biphen
» 0.004 ~
< 2 13
E-1 X
; 0.003 1 =
_ R 250C o - Ti(ba),biphen
0002 % —* . * 15 4
0001y 10.0C Ti(dbm),biphen
0.000 T T T 1 -17 T T T
0.00 0.01 0.02 0.03 0.04 0.0029 0.0031 0.0033 0.0035
[Hacac] / mol dm 3 UT KT
Figure 3.60 Graphs of pseudo-first-order rate Figure 3.61 Graph of Ink,,dT) vs. T for the
constantsk,ps vs. [Hacac] for the substitution substitution reaction of T).biphen with Hacac.
reaction of Ti(tfbagbiphen with Hacac in the
temperature range 10 - 40°C. [Ti] = 0.1 mmoltm
Proposed Mechanism The proposed reaction pathway from reactant rodyct

consistent withtH NMR and UV/vis data is illustrated Bcheme 3.11 The rapid formation

of the mixed ligand complex, Hj(acac)biphen, followed by the final substitutioroguct,
Ti(acac)biphen, were clearly observed on the dynathicNMR spectra. The UV/vis data
shows two kinetic stepstep 1(observed but not calculated; expected to be degperah the
concentation of the incoming Hacac) astep 2 (rate constant s calculated and is
independent on the concentration oif the incomiagat). The substitution process proceeds

via an associatively activated pathway, consistert wie large negative activation entropy.
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The rate of the consecutive first and second Haaastitution reactiond andB was found

to be the same, i.e.qdéa~ konse  This is not expected since the parentp)pi{iphen, of the
first substitutionA is different to the mixed-ligand parent, fAli(acac)biphen, of the second
substitutionB. And since it was shown that the substitutenta Ri{f).biphen affect the rate
of reactivity towards substitution (i.e., rate afbstitution increases with an increase in the
electronegativity of the substituents R of fhdiketonato ligand), it is not clear why the rate

the first and second substitution are the same.

m m

CH 777777777777777777777777 7-coordinated
: 3 : CHg intermediates
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Scheme 3.12 Proposed reaction pathway illustrating the assiveiamechanism for the successive

substitution of [Tip).biphen with Hacac.
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3.4.1.3 Substitution of Ti(acac) biphen with dihydroxy-aryls

The results for the substitution of the bidentafghénolato ligand in Ti(acaghiphen with
bidentate ligands of different ring sizes, i.exct (5), Hnaph (5), Hbinaph (7), Hmbiphen
(8) and Hmbinaph (8), is presented.

The reactions were studied by means'tdf NMR spectroscopy undgsseudo-first order
conditions with the incoming [ligand] 6x greateraththe concentration of the titanium

complex.

The substitution of [Ti(acag)iphen] with the 5-membered ring ligands run to ptetion
while an equilibrium in favour of the substitutetbg@uct exist for the substitution of the 7-
membered biphen ring for another 7-membered rimgagih) or for the 8-membered rings.
However with a larger excess (30x) these reactwasll driven to completion.

The reactions are very rapid (completed/almost dete@ by the time the first scan was
taken) and only the substitution reaction with ¢&mstg and bulkiest ligand, i.e.,
[Ti(acackbiphen] + Hmbinaph, could be followed byH NMR. The reverse reaction,

Ti(acacymbinaph + Hbiphen was also investigated.

The reactions were monitored by following the dissgrance of the methine peak of the
reactant and the appearance of the methine pethk pioduct. The partial dynarid NMR
spectra and the time trace of the forward and sevezactions are shownhigure 3.62 The
first order rate constantkg,s Obtained for the ligand exchange reactions laig,= 0.0035
and 0.0017 Srespectively.

This investigation into the effects of differenhgi sizes on the substitution of a stable 7-
membered ring, shows that with excess in-comingnitj the 7-membered biphen ring can
successfully be replaced by a 8-membered ring.o &g 8-membered mbinaph ring can be

replaced by a 7-membered ring in the reverse wacti
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(a) Ti(acac), biphen + H ;mbinaph (excess) — Ti(acac), mbinaph + H ,biphen
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(b) Ti(acac) , mbinaph + H ,biphen (excess) — Ti(acac),biphen + H ;mbinaph
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Figure 3.62 Substitution reactions (a) Ti(acaaiphen + Hmbinaph and (b) Ti(acaghbinaph + Hbiphen.
Left: Partial dynami¢H NMR spectra in CDGlat 25 °C, taken immediately before dissolutionezfatants.
Right: Concentration (integration united.time data obtained for tHel NMR monitored substitution reactions

in CDClat 25 °C.
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3.4.2 Ligand Exchange Kinetics

Bis(pB-diketonato)titanium(lV) complexes undergo rapidramolecular ligand exchange
(described inSection 3.2.3.1 as well as slower intermolecular ligand exchanggctions.

Both the intra- and intermolecular ligand excharaye equilibrium processes. In the
following section, the ligand-exchange equilibriadakinetics of the intermolecular process

are investigated.

3.4.2.1 Exchange of B-diketonates in Ti( B):biphen

The results for the bi-chelating ligand exchangectiens in octahedral Ti(IV) complexes of
the form Ti@).biphen, are reported. The reaction was studiedtsyeopically by means of

'H NMR techniques under second order conditions.

Mixed ligand complex

>
w

'H NMR Spectroscopy The reaction solution was made up of a solutiontainoing
equimolar amounts oA andB in CDCk and the’H NMR was recorded at regular time
intervals. It was found that the ligand excharegtion yielding the mixed ligand complex is

an equilibrium process.

Ti(B),biphen + Ti(B).biphen _Ke. 2 Ti(B)(®)biphen

———

_ [Ti(B)(B)biphen)®
¢ " [Ti(B),biphen] [Ti(B")biphen]

Chemical shift data of the methine (ring) protontfee parent and mixed-ligand complexes in
the Ti@).biphen + Tif").biphen mixtures studied are presentedTiable 3.27 The

assignments are straight forward because chemifit ©f the parent complexes are, in
general, unaltered, +0.02 ppm, (by reference tocctspeof solutions of the pure parent

complexes) on going to the equilibrium mixturesenide the methine resonance of the parent
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complexes are found at lowest and highest fieldh whte two signals of the mixed-ligand
complex at intermediate field. For example, thetipaH NMR spectra for a typical
equimolar mixture of two differentp-diketonate complexes, Ti(tfhdjphen and
Ti(ba)biphen, are shown iRigure 3.63 The resonances at lowest and highest field aee d
to Ti(tfbakbiphen and Ti(bapiphen, respectively, while the two lines at intethate field
are assigned, in order of increasing field, totfba and ba resonances, respectively, of the
mixed-ligand complex, Ti(tfba)(ba)biphen. The mtaolecular ligand exchange, although
slow on the NMR time scale, is relatively fast bie taboratory time scale; a spectrum taken
immediately after dissolution of the parent compkexand at equal time intervals thereafter,

indicates that equilibrium is attained, on averag#in 35 min at room temperature.

c c c =
Q [ Q @
< F = 0=
s = s =
9 2 a o
£ © [ =
= 8 2 [
L E £
= =
1.5 hours
45 min JL A JL Jl
2.5 1
. l ) 2.0 1
20 min M
a
S 1.5 Ti(tfba)(ba)biphen
1
10 min ® Titfba),biphen
g Ti(ba),biph
§ i(ba),biphen
0.5 1
5 min
0.0 T T T T T )
0 10 20 30 40 50 60
Time / min
2 min

T T I T 1
6.90 6.85 6.55 6.50 ppm

Figure 3.63 Left: Partial dynami¢H NMR spectra of the ligand exchange reaction fBajgbiphen +
Ti(ba)biphen (withK. = 8), in CDC} taken immediately after dissolution of the pamrmplexes until
equilibrium was reached (equimolar conditions: ¢@mplex] = 10 mmol difi each). Right: Concentration
(interation unitsys.time data obtained for tHel NMR monitored exchange reaction at 25 °C.

The equilibrium constant¥., for exchange reactions in CQiGlre presented ifiable 3.28
An equilibrium constantK. = ~4 (the statistical value expected for randomarsbling) is
obtained when the exchange ligands contain the sammdber of CEgroups (e.g., tfaa-tfba)
or no CFk groups (e.g., acac-baK. = ~8, double the statistical value, is obtainecemwkhe

exchange ligands differ by one Cgroup (e.g., acac-tfaa, acac-tfba and ba-tfba).es&h
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results are in full accord with previous studiéshowing that the equilibrium constants

depend primarily on the relative number of;@Ebstituents on the exchangeing ligands.

Table 3.27 Chemical shift (ppm) data of the methine (ring)tprofor parent, T{§),biphen and
Ti(B")2biphen, and mixed-ligand, B)(B)biphen complexes in CDg$olution

(a) Parent and Mixed-ligand compounds in equilibri um mixture

B-diketonato ligands Parent Mixed-ligand Parent

B B B) B)B) B)
ba acac 6.48 6.45 5.80 5.79
tfba tfaa 6.89 6.87 6.23 6.21
tfba tfma 6.89 6.87 6.36 6.33
tfaa acac 6.21 6.15 5.83 5.78
tfba acac 6.89 6.81 5.86 5.79
tfba ba 6.89 6.84 6.53 6.48

(b) Parent Compound, Ti( B)zbiphen in pure solution

Ti(acac)zbiphen 5.79
Ti(ba)2biphen 6.49
Ti(tfaa)zbiphen 6.21
Ti(tfma).biphen 6.20
Ti(tfba)zbiphen 6.89

Table 3.28 Equilibrium Constants{., and % product measured at 25 °C for the reaction:

Ti(B),biphen + Ti(B)biphen _Ke_ 2 Ti(@)(®)biphen

Ti(B)zt‘;iphen Ti(B')z;iphen T;rminal group;,‘ K. % Product kJAqula.l

Group 1

ba acac CHs Ph CHs CHs 4.1 50.4 -3.4

tfba tfaa CF3 Ph CF3 CHs 4.3 51.0 -3.5

tfba tfma CFs; Ph CF3 CH(CHs) 3.9 49.6 -3.3
Group 2

tfaa acac CF3 CHs CHs CHs 8.6 59.0 -5.2

tfba acac CHs Ph CF3 CHs 8.1 58.6 5.1

tfba ba CF3 Ph CHs Ph 8.1 58.6 -5.1

#AG® = -RTInK, (Standard free energy)
® Theoretical valueX. = 4 then % product = 56 = 8 then % product = 58.5
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The observed deviation from random scramblikg,< 8) is due to the mixed-ligand complex
being stabilised relative to the parent complexesulting in parenmixed-ligand complex
ratios of 41:59 compared to 50:50 for random sctamgp (Kc = 4). In terms of the
electrostatic model, it has been shown that elstdtic effects always stabilise mixed-ligand
complexes relative to the parent complexes whenéver effective charge on the two
exchanging ligands are uneqial.The effective charges on the donor oxygen atofm@ o
diketonato ligands, which carry either zero or @@ groups, will differ because of the
inductive effect of the fluorine atomgdes = 3.01 whileypn = 2.21 andycus = 2.34).
Consequently, the mixed complex, J)i3")biphen and the corresponding parent complexes
will have comparable stability wheghandf' contain the same number of £gfoups, but the
mixed-ligand complex will be more stablé.(larger) wher andp' have different number of

CRsgroups.

Exchange Kinetics The exchange reaction was followed with time bynitaring the
disappearance of the parent methine peaks andoffemence of the mixed-ligand complex
methine peaks. Although the reaction was followeder second order conditions, the data
obtained was found to fit the first order kinetiodel. A typical time trace of the results is

shown inFigure 3.63

K ) ] ] Kobs = K1 + K1
Ti(B),biphen + Ti(B),biphen ——L 2 Ti(B)(B)biphen with { K ky
k1 c= T_l

The first order rate constantss = k; + k.3 wherek; is the rate constant for the forward
reaction andk ;, the rate constant for the reverse reaction. Byulsaneously solving
equationskons = k; + k.1 andK. = ki/k 4, rate constants; andk.; can be calculated in terms of
Kobs andKe, i.e.,

K
K1 = Kops ( K _C|_ 1) and  K_.3 =Kgps - kg
c

The kinetic data obtained for the ligand excharegctions are summarised Table 3.29
The rate constants are all of the same order andsiilar, showing that the rate of ligand

exchange is independent of the nature of the exghgnB-diketonato ligands. The
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dependence d&,,s on temperature allowed for the determination efdlbtivation parameters,
AH?, AS* andAG”, which are also listed ifiable 3.29

Table 3.29 Kinetic data and activation parameters for therlj@xchange reaction, usitig NMR
Spectroscopy. Equimolar conditions used: for émegeratue variation, [Ti complex] = 5 mmol dmnd for the
ligand variation, [Ti complex] = 10 mmol difor each parent complex. The reactions highlidliered show
that the rate of exchange is the same under vaggungnolar concentration conditions.

Parent T Rate values Activation parameters
Complexes
# # #
. < Kobs ki K. AH AS AG
B B -1 -1 -1 -1 11 -1
s s s kJ mol Jmol™ K kJ mol
5 0.00026
10 0.00040
Temp tfba ba 15 0.00071 65.7 -77.1 88.7
25 0.00181
35 0.00431
ba acac 0.0015 0.0012 0.0003
tfba tfaa 0.0044 0.0036 0.0008
tfba tfma o5 0.0036 0.0029 0.0007
Ligand a3 | acac 0.0040 0.0036 0.0004
tfba acac 0.0022 0.0020 0.0002
tfba ba 0.0018 0.0016 0.0002

K. values are shown ifiable 3.28

Both the ligand exchange and substitution reactioma the mixed-ligand complex,

Ligand Exchange:  Ti(B),biphen + Ti("),biphen 2 Ti(B)(B)biphen

Ligand Substitution: Ti(B),biphen + Hp' —TE Ti(B)(B")biphen

In both cases the rates of reaction are indeperafehhie incoming Hacac ligand. However,
the influence of the nature of tiediketonato ligand on the rate of reaction is diskir; i.e.,
the rate of substitution is significantly influemceby the labile B-diketonato ligands
(depending on the electronegativity of the substitugroups, R, se€able 3.2 while the
rate of exchange appears to be independent ofatfoeenof theB-diketonato ligand (se€able

3.29. For example, when comparing the rates of thewiing,
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B=ba B =tfba
Exchange: Ti(B),biphen + Ti(acac),biphen Kops = 0.0015 s 0.0022 st
I ,
P Ti(B)(acac)biphen
Substitution: Ti(B),biphen + Hacac Kobs = 0.00016 st 0.0021 st

with B = ba and tfba, the rates of exchange are of time sader while the rates of substitution
increase by an order of 10, respectively.

Proposed Mechanism A proposed mechanism consistent with an asseeigrocess
(large negative entropy value) is showrSicheme 3.13

Coordination of
Tia to Bg
Tig to Ba

7-coordinated

! é 7-coordinated
— intermediate

intermediate R HaC —

Mixed-ligand
complexes
separate

Mixed ligand complex

Scheme 3.13 Schematic representation of the proposed reactitway illustrating the associative
mechanism for the ligand exchange reaction betyE&iép),biphen] with [Ti(acachiphen].
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3.5 ELECTROCHEMISTRY

3.5.1 Introduction

Cyclic voltammetry (CV) was conducted on most af 8ynthesised titanium complexes as
well as on the uncoordinated ligands. The forredliction potentials,  of the redox active
metal TIV/Ti"" centre of the synthesised complexes were detedmid@alysis of the formal
reduction potential was performed in an attempujuantify the electronic influence, if any, of
the different R substituents (group electronegtivig) of the coordinated-diketonato
ligand on the redox active metal centre of eacihe@$e compounds. The redox active couples
vary from being electrochemically reversible (thetmally this impliesAE =59 mV although
experimentallyAE < 90 mV was taken to imply electrochemical reNslity in this study),
guasi-reversible (defined as 90 m\AE < 150 mV for this study) to irreversible (definasl
AE > 150 mV for this study). Formal redox potentigi8), peak cathodic potentials ffand
peak anodic potentials (g were measured against the Ag/Agference electrode but are
reportedvs. Fc/F¢ as an internal standard?(Ec/F¢) = 77mVvs. Ag/Ag’, AE, = 62 mV and
ipdipa= 1.007° Under the experimental conditions of this stueyrocene (F&/Fe') showed
electrochemical and chemical reversible redox biel@\(except in DCE as reportéjiwith
ipdipa = ~1.00 but & andAE deviated from the published values as showfable 3.30for
each compound series. The potential range foelterolyte/solvent ([NByj[PFs] /CH3CN)
system is between-2300 and 1800 m/ Ag/Ag” (and between -2400 and 1700 mvs
Fc/FC).

Table 3.30 Elecrochemical data,®BndAE, for ferrocenevs. Ag/Ag") as an internal standard in the
indicated compound series. Measured in 0.1 mot fBu,][PF:] on a glassy carbon working electrode
atv=100 mV gand T = 25 °C.

Compound Series Solvent Ferrocene (Fe III/Fe”) vs. Ag/Ag *
E / mV | AE,/mv

Ligands
B-diketones CHsCN 63 - 80 61-84
Hzbiphen CHsCN 74 68
Ti(IV) Complexes
[CpTi(R)]" CH3CN 82 - 89 59 - 70
Cp2Ti(biphen) CHsCN 85 65
Ti(B)2Cl2 DCE 179 - 232 119 - 200
Ti(B)2(biphen) CHsCN 63-91 65-78
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3.5.2 0O,0'- Donor Ligands

3.5.2.1 B-Diketones

The electrochemical behaviour of sevepadiketones has been investigated under varying
condition; often conflicting and complex electrooheal behaviour was observed due to the
chemistry of the-diketones under those particular conditions. hisa tomparative study, the
cyclic voltammograms of the Gfeontainingp-diketones (8), CRRCOCHCOR, with R =
CHjs (Htfaa), CH(CHs) (Htfma) CH(CHs), (Htfdma),C(CHs)s (Htftma) Ph (Htfba), GHsO
(Htffu), C4H3S (Htfth) and CEk (Hhfaa) and Ph-containirfgdiketones, PhCOCH OR, with

R = CH; (Hba), Ph (Hdbm) and £35S (Hthba)[1] are recorded in [NBJ{PFs] / CHsCN.
Figure 3.64shows cyclic voltammograms at varying scan rate$thfaa and Hthba.

(@ 20 (b) 40 -
P —
0 -
g 201 < <«
5 £ 40
3 -60- 3
_80 -
-100 : : -120 . )
-1800 -1200 -600 2200 -1800 -1400
E/mV vs. Fc/Fc® E/mV vs.Fc/Fct

Figure 3.64 Cyclic voltammogramsvé. Fc/F¢) for (a) Hhfaa andb) Hthba at scan rates of 100, 200, 300,
(400) and 500 mV'5 Scans initiated in the direction of the arroMieasured in 0.1 mol df[NBu,][PFs] /
CHsCN on a glassy carbon working electrode at 25 [¥}] = 3 mmol dni.

A one-electron reduction was observed according to:

o OH

unidentified
species

Hp

forming a chemically unstable radical anion. Taerfation of other unidentified species (by

rearrangement or decomposition) follows accordm@i EC mechanism. For aromafiic

diketones ite., RCOCHCOR' with R, R' = aromatic groups), the radicaloanis stabilised
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long enough such that the electrochemical redudigaomes reversible/quasi-reversible and
chemically reversible at high scan rates. The wal®w the expected dependence on scan
rate (shown iriTable 3.3J), i.e., as the scan rate increases fiig.values of the first wave,
increases approaching a value of 0.40 and 0.54=a2000 mV &, for Hdbm and Hthba
respectively. The electrochemical reduction betaiviof Hdbm in [NBu][PFs]/CHsCN is
similar to behaviour in [NBg[CIO4}/DMSO reported by Buchta and EvafisThese results
indicate that when the scan rate is fast enougtréwvent appreciable following reaction the
corresponding oxidation of the reduced speciesrsccu

In contrast, the aliphatig-diketones ite., RCOCHCOR' with R, R' both aliphatic groups or
one aliphatic and one aromatic groups), show nerséivie behaviour; no oxidation wave is
observed even at scan rates upvts 5000 mV §. This implies that the radical anion
(reduced species) is less stable in aliph&titketones and that the electron is stabilisedhén t
delocalised aromatic system. Hence we see thastdiglity of the radical anion does not
depend on the electronic {egithdrawing or @donating) properties of the R groups but on the
aromaticity of thep-diketone. A comparison of the cyclic voltammogsamshowing the
reversibility of thep-diketone reduction at scan rates 100 and 1000 m\ofan aliphatic

(example, Hhfaa) and aromatic (example, Httfbd)ketone, are shown figure 3.65
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Figure 3.65 Cyclic voltammogramsvé. Fc/F¢) for (a) Hhfaa andb) Hthba at scan rates of 100 and 1000
mV s. Scans initiated in the direction of the arroMeasured in 0.1 mol dfh[NBu,][PFs] / CH;CN on a
glassy carbon working electrode at 25 °C]H 3 mmol dni’.
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Table 3.31 Cyclic voltammetric datavé. Fc/F¢) for Hdbm and Hthba at indicated scan rates. Meskin
0.1 mol dm? [NBu,][PFs] / CHsCN on a glassy carbon working electrode at 25 °C.

0 . . .
v Epc AE, E Ipc ipalipc
mvs* mvV mvV mv HA
Hdbm: PhCOCH,COPh?
100 -1934 71 -1899 51 0.21
200 -1942 82 -1901 75 0.28
300 -1952 98 -1903 94 0.32
500 -1967 123 -1906 124 0.35
1000 -1992 155 -1915 176 0.38
2000 -2027 222 -1916 244 0.40
Hthba: PhCOCH,COC,H3S

100 -1884 61 -1854 43 0.27
200 -1891 71 -1856 63 0.34
300 -1896 81 -1856 79 0.38
500 -1903 93 -1857 103 0.43
1000 -1914 110 -1859 147 0.51
2000 -1932 139 -1863 209 0.54

dCompare to Buchta and Evansidbm: Epc = -1420 mVs SCE in [NBy][CIO,]/DMSO.

Table 3.32 Reduction potentials, £ (vs. Fc/F¢) and cathodic peak currentg, for B-diketones at a scan
rate of 100 mV 3. Measured in 0.1 mol dAM{NBu,][PF¢] / CHsCN on a glassy carbon working electrode at

25 °C. [HB] = 3.0 mmol drit.

Hp RCOCH,COR’ o oKa Epc ipo
R, R’ mv pA

(a) Aromatic B-diketones ?
Hdbm Ph, Ph 4.42 9.35 -1934 51
Hthba [1] Ph, C4HsS 4.31 9.01 -1884 43

(b) Aliphatic pB-diketones °
Hhfaa CF3, CF3 6.02 4.35 -1243 41
Htfth CF3, C4H3S 5.11 6.5 -1541 53
Hiffu CF3, C4H30 - - -1544 44
Htfba CFs3, Ph 5.22 6.3 -1564 60
Htfaa CF3, CH3 5.35 6.3 -1851 41
Htfma CF3, CH2(CHa) 5.32 6.64 -1860 55
Htfdma CF3, CH(CH3); 5.30 6.80 -1872 42
Htftma CF3, C(CHa)s 5.28 7.13 -1889 42
Hba CHs, Ph 4,55 8.70 -2138 56

g8Aromatic: R, R' = aromatic

®Aliphatic: (pure aliphatic); R, R’ = aliphatic afmixed aliphatic); R = aliphatic, R' = aromatic.
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The reduction potentials of all thg-diketones are summarised Fable 3.32 and the
comparative cyclic voltammograms are shownFigure 3.66 In general, the reduction
potentials, k., increase (becoming more anodic) as the grouptrefeapativity of the R

groups increase. This is expected, because the elemtron-withdrawing the R group

-1243 mV
-1875 -1550
-2138 i l
\J/ N Y 3 Hhfaa
[ : ' - <4+—
; 4‘ I Hifth
: <7_ Hitffu
I 4- Htfba
! JI Htfaa
. <l//’ Htfma
:<:7— Htfdma
' . Htftma
L Hthba
: ¢ Hdbm
: Hba
I 40 pA
I L ) ) 1
-2400 -1900 -1400 -900

E/mV vs. Fc/Fc”

Figure 3.66 Comparative cyclic voltammogrames( Fc/F¢) for the indicate@-diketones at a scan rate of
100 mV §'. The CVs shown in green representBHliketones while those in blue are Pitiketones.
Vertical dotted lines indicate the reduction poignif a single complex or an average of a groBpans
initiated in the direction of the arrow. Measuied.1 mol dni® [NBu,][PFe] / CH;CN on a glassy carbon
working electrode at 25 °C. = 3.0 mmol dr?.
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becomes, the more electron density is removed fitoer3-diketone backbone, making it
relatively more positive and more difficult to regdu There is ~900 mV difference between
the reduction potentials of thp-diketones investigate; from the most anodic reidact
potential, Hfaa (k = -1243 mV) with two electron-withdrawing €@roups to the most
cathodic, Hba (k = -2138 mV) with relative electron-donating €&hd Ph groups.

The functional groups of th@-diketone are: the carbonyl group (C=0), the cgajad
double bond system (C=C) and an alcohol group (Q;Qdde Figure 3.67 (a). The
electrochemical behaviour of complexes containtmg different functional groups of ttge
diketone was investigated to determine which edeetfucible structure of thgdiketone, is

involved in the electrochemical reduction.

(a) B-diketone structure (b) Model compounds

@ﬁ IO O

N
/
benzophenone phenol Ph

indole pyrone

Figure 3.67 Schematic diagram showirfg) the C=0, C=C and C-OH functional grouppefiketones(b)
model compounds ar(d) Indole: 3-acetyl-1-benzyl-2-hydroxy-5-methoxyine@nd Pyrone: 3-hydroxy-2-
methyl-4-pyrone.

The half-wave potential of model compounds havimdy cone of the related functional
groups, i.e., stilbene (C=C), phenol (C-OH), andzophenone (C=0) (sd¢agure 3.67 (b))
was investigated. Benzophenone was the only compénl have a reduction wave in the
region from -1000 mV up to the onset of the sollaeattrolyte discharge. Hence it was
concluded that the most probably functional grospoaiated with the reduction of tifie
diketone is the carbonyl group. This result ispgufed by findings of Erving and Callah&h,
who came to the same conclusion by investigatiegélduction potential of a wider range of
model compounds. Other ligands which possesstargrgroup and are electrochemically
active are pyroré and indolé® shown inFigure 3.67 (c). These lignds have irreversible
reduction potentials (g = -2100 and -2540 mWs. Fc/F¢ respectively, CVs shown in
Chapter 2 Figure 2.21) similar to the reduction potential @gfdiketones. However, since

chelatedp-diketones (which no longer possess C=0) are dktirechemically active (see
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Section 3.5.3.}, it would be more correct to assume that the ctduo of thep-diketone is

related to the C-0O in a conjugated double bondegyst

3.5.2.2 Biphenol

The cyclic voltammograms of biphenol, recorded MB{u][PFg)/CH3CN, are shown at
varying scan rates iRigure 3.64(a). The observed reduction is irreversible; no otiaia
wave is observed even at scan rates up%&000 mV &. The electrochemical behaviour is
similar to the aliphati@-diketones. A comparison of the cyclic voltammaegsain Figure
3.68 (b), shows that the reduction wave of biphenol is mbobader than that of thg-

diketones and theyEposition lies closer to that of the non-fluorirchfediketones.

(@ 107 (b)
' Hhfaa
g 301
<
o
3 -70
H,biphen
-110 T T ) r T T )
-2900 -2300 -1700 -1100 -2600  -2000  -1400 -800

E /mV vs. Fc/Fc® E /mV vs. Fc/Fc®

Figure 3.68..Cyclic voltammogramsv. Fc/F¢) of (a) biphenol at scan rates 100, 200, 300, 400 and 500
mV s* and (b) Hba, Hhfaa and pbiphen at a scan rate of 100 m¥, sScans initiated in the direction of the
arrow. Measured in 0.1 mol dhiNBu,][PFs] / CHsCN on a glassy carbon working electrode at 25 °C.
[B-diketone] = [Hbiphen] = 3 mmol dmi.

Table 3. 33 Cyclic voltammetric datavs. Fc/F¢) for Hobiphen at indicated scan rates. Measured in 011 mo
dm® [NBu4][PFs] / CHsCN on a glassy carbon working electrode at 25 [¥biphen] = 3 mmol drf.

v Epe ipc
mvV s* mvV PA
100 -1934 51
200 -1942 75
300 -1952 94
500 -1967 124
1000 -1992 176
2000 -2027 244
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3.5.3 Tetrahedral Complexes

3.5.3.1 Mono(B-diketonato) Ti(IV) complexes: [Cp »Ti(B)]"

The electrochemical behaviour of the new;GEries of the monf-diketonato titanocene
complexes, [CHTi(CFsCOCHCOR)[CIO,” with R = CH (tfaa)[3], C4HsS (tfth) [4], CsH:0
(tffu) [5] and Ph (tfba)6] as well as the phenyl series, i.e. JOIRPhCOCHCOR)|CIO,”
with R = CH; (ba) [7], CsHsS (thba)[8] and Ph (dbm]9] were studied in 0.1 mol dih
[NBug][PFe] / CHsCN The cyclic voltammograms exhibit two waves,aa&ing two reduction
processes (sdeigure 3.70, the first process at more positive potentiadgsociated with the
Ti'/Ti" couple and the second, with theliketonato ligand reduction. The electrochemical
data is summarised ifable 3.34

Table 3.34 Cyclic voltammetric datavg. Fc/F¢) for the [CpTi(B)]*ClO,” series at a scan rate of 100 m¥V s
Measured in 0.1 mol dfh[NBu,][PFs] / CHsCN on a glassy carbon working electrode at 25 [it complex] =
2 mmol dn?.

[Cp.Ti(B)]+ Tivmi" couple B-diketonanto reduction
Epc AE, E” ipc ipalipe Epc e
B mvV mv mvV HA mv HA
CF3;COCH,COR
tfth [4] -656 75 -619 39 0.86 -1890 32
tffu [5] -659 70 -624 40 0.90 -1916 42
ttha  [6] -661 76 -623 41 0.97 -1915 43
tfaa [3] -667 78 -628 41 0.95 -2162 33
PhCOCH,COR and R # CF3
thba [8] -869 66 -836 40 0.87 -2305 26
dbm [9] -861 76 -823 41 0.90 -2110 41
ba [7]° -882 84 -840 40 1.00 -2306 40
FcCOCH,;COCH;
feal? -942 78 -903 0.88

“Compare to Bonét al.>® Cp,Ti(ba): E = -850 mV (TI'/Ti"), E,. = -2330 mV (ba reduction) at= 200 mV &

All the complexes exhibit a characteristic one &tat electrochemically and chemically
reversible TV/Ti" couple, according to:

[Cp.TIVB)™ + & === Cp,Ti"(B)
with AE, = ~75 mV and jfipc = ~0.9 A ¢ = 100 mV §). The ratio, jipc # 1 because the

185



RESULTS AND DISCUSSION

reduced form of the analyte readily deposites enelectrode. A slow decrease gfijc and

increase oAAE with scan rate is consistent with electrode guismr. Hence the electrode had
to be well polished at all times. A graph of peakrentvs. v* for the redox process was
linear for all complexes, indicating that the etechemistry is essentially diffusion

controlled. This result is demonstated for fTfba)]" in Figure 3.69

Reversible redox behaviour is expected becauseetheced species, €0 (B), is stable as

I.,38

demostrated by Bonet al.,*® who investigated the electrochemical behaviou€pfTi" (B),

Ti"— Ti". The coordination sphere of these complexes doeshange when switching the

redox state of the central coordinating metal froiff to Ti" (see comparison of crystal

structures irSection3.3.1.1. Previously reported valugse., E° = -864“ and -850 mV® for
B = ba and E = -635 mV forp = tfaa, are in good agreement with the valuesrtegan this
study,i.e., E° = -840 and -629 mV for [GFi(B)]*with p = ba and tfaa respectively.
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Figure 3.69 Left: Cyclic voltammogramsvg. Fc/F¢) for [Cp,Ti(ba)]* ClO,” showing the TY/Ti" couple
at scan rates of 50, 100, 150, 200 and 250 hVScans initiated in the direction of the arroMeasured in 0.1
mol dm® [NBu,][PFs] / CH;CN on a glassy carbon working electrode at 25 [t complex] = 2 mmol dr.
Right: The relationship between peak currents and (sai obeys the Randles-Sevcik equation.

Graph slope = +3.89 and -3.95 pA (mY)’$

From the comparative voltammograms (Ségure 3.70Right), it can be seen that thé Bf
the T1V/Ti" couple falls into categories depending on the dveravithdrawing ability of the
B-diketonato ligand; those containing as@&ffoup §crs = 3.01) E = ~-623 mV , a Ph-group
(xpn = 2.21) B = ~-833 mV and a ferrocene group{ = 1.81) E = -903 mV* The
inclusion of an electron withdrawing €Broup gives a less negative (more cathodfc)Han

the relatively electron donating Ph group (moreditio This is expected, because the more
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electron withdrawing the R groups becomes, the npmsitive the titanium(lV) centre
becomes and accordingly the more difficult it vadl reduced.

dl dl dO
@ A @ A 0Xp g R
R - W N - WO—=
unidentified \Tim"‘o R - 0= e O
species ¥ @/ \O c <T , |\o —»‘T \o
cr, "ede @ cr,  "eda %S .

unstable radical anion

[CpTi(tfth)] *

[Cp2Ti(tffu)] *

[Cp2Ti(ttba)] *

[Cp2Ti(tfaa)] *

[Cp2Ti(thba)] *

[Cp2Ti(dbm)] *

@;—J\f— ------- $ [Cp-Tilbal)"
/ I\ TiIV/TiIII ' :
' CpTi(fca)] *
Coordinated Uncoordinated $ [CpTifca)]
B-diketone B-diketone d ¢
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E/mV vs. Fc/Fc® E/mV vs. Fc/Fc*

Figure 3.70 Comparative cyclic voltammogrames( Fc/F¢) at a scan rate of 100 mV for the [CpTi(B)]*
series showingeft: the reduction of the titanium metal centre ametdiketonato ligand (The uncoordinated
B-diketones are inserted into the individual voltangmams as black waves) aRight: the TIV/Ti" couple.

The CVs shown in green represent complexes contpi@k-p-diketones, blue contain Hhdiketones and red
FcB-diketone. Vertical dotted lines indicate the fatmeduction potential of a single complex or arrage of
a group. Scans initiated in the direction of thea. Measured in 0.1 mol dAfNBu,][PFs] / CH:CN on a
glassy carbon working electrode at 25 °C. [Ti cterp= 2 mmol dnit.
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RESULTS AND DISCUSSION

The formal reduction potential of the™iTi"" couple varies by 10 mV and 17 mV within the
CF; and Ph series respectively with a jump of -628338) = 210 mV from the GRo the Ph
series. There is a further decrease of 70 mV ftoenPh series to the ferrocene complex,
[Cp.Ti(FCCOCHCOCH)]'CIO,". This result demonstates that there is good releict

communication between the titanium centre and tHyedRps of the8-diketonato ligand.

The complexes are further reduced in a one eledtremersible process at very negative
potentials (se€&igure 3.70 Leff), according to

Cp,Ti"@) + & ——  [Cp,T"@)]"
This process, assigned to the reduction of fikdiketonato ligand, is supported by the
observation of a similar reduction in uncoordinagediketones (se&ection 3.5.2.1 The
reduced species, [GB" ()] * , is chemically unstable and decomposes rapidfgrim other
unidentified species, hence no corresponding oxidaieak is visible even at very high scan
rates. The anionic species, [Ti"(B)] =, is believed to have one unpaired electron on the
metal as well as one unpaired electron on the did&nThe oxidation of the metal centre,
Ti"— Ti" following the decomposition of [GPi" (B)] © (seeFigure 3.71) is not expected.
It could be due to the oxidation of freshly redu¢€g,Ti" (8)]* molecules moving in from
the bulk solution. The decrease of théj. ratio with increasing scan rate is consistent with
this view, since as the scan rate increases thdess time for "fresh" molecules to move in

from the bulk solution.

ipalipc = 0.99 €Y
ipalipc = 0.43

v=200 mV s’

ipalipe = 1.00

inaline = 0.69 J/&
i v=50mVs*

r T T T 1

-2800 -2200 -1600 -1000 -400

E/mV vs . Fc/Fc”

)
:

Figure 3.71 Cyclic voltammograms of [Gii(ba)]" showing(a) the reversible ¥/Ti" couple in black and
(b) the reduction of both the Ti centre afietiketonato ligand followed by the oxidation of thiecentre after
the decomposition of the complex in green. Scaitigied in the direction of the arrow. Measuredil mol
dm™® [NBu4][PFs] / CHsCN on a glassy carbon working electrode at 25 [PlE.complex] = 2 mmol dr.
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The coordinate@-diketonato ligand in the titanium complex, EIpY(B)]*, was found to be
electroactive at more cathodic potentials relativéhe uncoordinatef-diketone (seé&igure
3.70Left). The difference in the reduction potentialstw toordinated and uncooordinated
B-diketone AE, is consistent for the GiB-diketones, i.e., on averagek,. = ~ 346 mV (see
Table 3.35. This result shows that the coordination of fhdiketone to the metal centre,
forming the delocalisegpseudo-aromatic system, results in the coordinafediketonato
ligand possessing higher electron density (in thecteactive centre) relative to the
uncoordinateg-diketone.

The unusual reversible redox behaviour of aromgitiiketones (uncoordinated) at higher
scan rates is not replicated in the coordinfiteliketones; even at a scan rate of 1000 mV the
reduction of the coordinate3-diketone remains chemically and electrochemically

irreversible. This implies that the reduced raldé&raon is more stable in the uncoordinafied

diketone (Hthb& ) than in the chelated form (gh" (thba)™).

Table 3.35 Reduction potentiaig. Fc/F&) of uncoordinateg-diketone and th@-diketonato ligand in
[Cp2Ti(B)]"CIO, ™.

[Cp.Ti(B)]+ Coordinated Uncoordinated B AE. *
B Epe / MV Epc / mV pe
CF3-B-diketones
tith  [4] -1890 -1541 349
tffu [5] -1916 -1544 372
ttha  [6] -1915 -1564 351
ttaa  [3] -2162 -1851 311
Ph -B-diketones ave — 346
thba  [8] -2305 -1884 421
dbm  [9] -2110 -1934 176
ba [7] -2306 -2138 167

* AEyc = B¢ (coordinated) - E,c (uncoordinated)

3.5.3.2 Mono(biphenyldiolato) Ti(IV) complex: Cp  ,Ti(biphen)

The cyclic voltammetric behaviour of €p" (biphen)[12] was studied in 0.1 mol dfn
[NBug][PFe] / CHsCN. Cyclic voltammograms are shownHigure 3.72and electrochemical

data is summerised ifiable 3.36 At a scan rate of 100 mV*sa one-electron irreversible
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reduction was observed. As the scan rate increasesrresponding oxidation wave appears
with the current ratio¥/ipc dependent on scan rate (Jeble 3.39. This result is consistent
with an EC mechanism in which the electron transfdollowed by an irreversible chemical
reaction of the electroreduced species. Thus eease of scan rate allows for the oxidation
of the reduced species by preventing apprecialllewimg reaction (seé€igure 3.72. The
previously reported value for the reduction of,Tfbiphen) in THF by El Murrt al. is in
good agreement with the value reported in thisstue., B, (vs Fc/F¢) = -1680° and
-1701 mV ¢ = 100mV &) respectively.

[Cp,TiV(biphen)] + && === [Cp,Ti"(biphen)]” —=  unidentified

high scan Species
rates
80 1
(a) (b)
40
70 4
< 07 < 1000 mV s™
= < = 30 100 mv s™
2 -40 = -304
o o
3 -80- 3
-130 1
-120 A
-160 T " T -230 . ; .
-2200 -1900 -1600 -1300 -2200 -1900 -1600 -1300

.
E/mV vs. Fc/Fc E/mV vs.Fc/Fc*

Figure 3.72 Cyclic voltammogramsw. Fc/F¢) of CpsTi'" (biphen) at scan ratéa) 100, 200, 300, 400 and
500 mV §' and(b) 100 and 1000 mV' showing the dependence of reversibility on sede.r Scans initiated
in the direction of the arrow. Measured in 0.1 mhi® [NBu,J[PFs] / CH;CN on a glassy carbon working
electrode at 25 °C. [Ti complex] = 2 mmol dm

Table 3.36 Cyclic voltammetric datavg. Fc/F¢) for Cp,Ti(biphen)[12] at indicated scan rates. Measured in
0.1 mol dn?¥ [NBuy,][PFs] / CH,CN on a glassy carbon working electrode at 25.cffplex] = 2.0 mmol di

v Epc AE, = ipc ipaline
mv s* mv mvV mvV HA
100 -17012 -- -- --
200 -1709 79 -1670 36 0.40
300 -1711 81 -1671 56 0.51
400 -1714 84 -1672 76 0.61
500 -1718 91 -1673 93 0.69
1000 -1727 110 -1673 160 0.86

“Compare to El Muret al.”® Epe = -1520 {s. SCE) = -1680 mV\(s. Fc/Fc).

SCE relative NHE = 244 mV and Fc/Relative NHE = 400 mV, therefore,Es Fc/F¢ relative
SCE = (400 - 244 = -156 mV).
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3.5.4 Octahedral Complexes

3.5.4.1 Bis(B-diketonato)-dichloro Ti(IV) complexes: Ti(  B).Cl,

The electrochemical study of Hfisiketonato)dichlorotitanium(lV) complexes in GEN
was hampered by their instability in the mediumsaadion at the electrode surface and
electrode passivation. However in the solventesyst0.1 mol dif [NBuy][PFs)/DCE
(CoHsCly), the Ti3)Cl, complexes wittf = tfaa[13], tfba[17], ba[21] and dbm[22] were
relatively stable and the YiTi" reduction as well as ligand and other reductiomsew
observed (marked, B, C andD in Figure 3.73Right) Wave D is in the correct position for
the reduction of th@-diketonato ligand. The cathodic waves graduaiignge (position and
size) hence a scan rate seriesor 100, 200, 300, 400 and 500 mV kad to be done
promptly. The gradual changes could be a resuthefconversion of starting complex into
other species. Spontaneous dimerisatfofor example, has been observed during the
electrochemical investigation of other octahediahldro TiV complexes wittD,0'-chelating
ligands, (i.e., Ti(mapCl,, mal =0,0'-3-oxy-2-methyl-pyran-4-onato). Electrochemicatal
for the TIV/Ti" couple is summarised iFable 3.37and comparative cyclic voltammograms
are shown irFigure 3.74

Ferrocene as

30 internal standard N
20 NI/ Fc’
104 TivTi"
~ O 1
— <+ =
§ 7 5
3 3
_20 -
_30 -
-50 T T T -40 T T T 1
-1000 -800 -600 -400 -2000 -1400 -800 -200 400
E/mV vs. Fc/Fc* E/mV vs. Fc/Fc*

Figure 3.73 Cyclic voltammogramsvé. Fc/F¢) of Ti(dbm),Cl, showing,Left: the TIV/Ti" couple at scan
rates 100, 200, 300, 400 and 500 m\asdRight: a wide potential scan at 200 mV with ferrocene used as
an internal standard (Fc/FEE” = 0 mV). Scan initiated in the direction of thecav. Measured in 0.1 mol din
[NBu,][PFs] / DCE on a glassy carbon working electrode at 25[KC complex] = 2 mmol dr.
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The TIV/Ti" reduction according to:

TVECly + & === [Ti(@),cl" —= Uoenied

is quasi-reversible at a scan rate of 100 mV (sreversible at higher scan rates) and
chemically irreversible. The lowdi,c ratios of Ti(tfaagCl, and Ti(tfba)Cl, relative to
Ti(dbm)Cl, and Ti(ba)Cl,, suggest that the reduced speciesp)I&l;] , is considerably less
stable when containing G#B-diketonato ligands (se€able 3.37. Since the reduction is
followed by an irreversible chemical reaction, ameuld expect theyii,c ratios to increase
with increasing scan rate. However this event liscared by the effects of excessive
electrode deposition; a slow decreaseyihi and increase ofE with increasing scan rate is
consistent with electrode adsorption (3edble 3.3§. The shape of the CV is also typical of

electrode adsorption.

Table 3.37 Cyclic voltammetric datavg. Fc/F¢) for the Ti(),Cl, series at a scan rate of 100 m¥ s
Measured in 0.1 mol dfh[NBu,J[PFs] / DCE on a glassy carbon working electrode at 25 °C.
[Ti complex] = 2 mmol dr.

Ti(B)2Cl, RCOCH,COR' Epc AE, E® ipc ipalipe
B R, R mv mvV mvV UA

ttha [17] CFs, Ph -418 140 -348 14 0.28

tfaa [13] CFs, CHs -414 102 -363 16 0.29

dbm [22] Ph, Ph -740 117 -682 22 0.71

ba [21] Ph, CH3 =775 151 -700 21 0.85

Table 3.38 Cyclic voltammetric datavé. Fc/F¢) for Ti(dbm)Ch at indicated scan rates. Measured in 0.1
mol dm® [NBu,][PFs] / DCE on a glassy carbon working electrode at 25[ complex] = 2 mmol dni.

v Epc AE, = ipc ipalipe
mv s* mv mv mv HA

100 -740 117 -682 22 0.71
200 -750 138 -682 27 0.70
300 -758 150 -683 33 0.69
400 -768 166 -685 36 0.66
500 -779 179 -689 41 0.63
1000 -796 207 -692 55 0.53
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The comparative cyclic voltammograms ($égure 3.74 show the results of changing the
diketonato ligand from an avithdrawing to a relatively e donating group, on the "iTi"
reduction, namely, that the B)}Cl, complexes containing more electron donating groups
(CHs3 or Ph) have a greater tendency to be reduced de¢ amodic/negative potentials) than

the complexes containing electron withdrawing geo((F).

691 356 mV

y

—355 —;
: f Ti(tfba )2Cl

Ti(tfaa) .Cl»
I 20 pA

Ti(dbm ),Cl»

f Ti(ba) oCl.
' <+

-1000 -700 -400 -100

E/mV vs. Fc/Fc*

Figure 3.74 Comparative cyclic voltammogrames( Fc/F¢) at a scan rate of 100 mV for the Ti3).Cl,
series showing the "fiTi" couple. The CVs shown in green represents coraplentaining a GF3-diketone
while the ones in blue contain non-Ef-diketones. Vertical dotted lines indicate therage formal reduction
potentials. Scans initiated in the direction abar. Measured in 0.1 mol di{NBu,][PFs] / DCE on a glassy
carbon working electrode at 25 °C.

3.5.4.2 Bis(B-diketonato)-(biphenyldiolato) Ti(IV) complexes: T  i(B)2(biphen)

The electrochemical behaviour of the newz;CSeries of bigf-diketonato)biphenolato-
titanium(lV) complexes, T[)-biphen withp = tfaa[24], tfth [26], tffu [27], tfba[28], tfma
[29], tfdma[30] and tftma[31] were studied in 0.1 mol dM[NBu,][PFs] / CH:CN. For
comparison two non-GFTi(B).biphen complexes witlp = ba [32] and acad36] were
included. A wide potential scan shows the reductibboth the T metal centre and thg
diketonato ligand (se€igure 3.75. The electrochemical data for the“ITi"' couple is

summarised iTable 3.40and the comparative cyclic voltammograms, showfigire 3.76
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All the complexes exhibit a characteristic one &tet, electrochemically reversibleTi"
couple, according to:

TiV(B)-biph - —_ Ti"(B).biohen]T — unidentified
i (B)zbiphen + e - [T(B)zbiphen] species

with 62 < AE, < 91 mV for the series of j.biphen complexes. The process is chemically
irreversible, with 0.56< ipdipc < 0.94 PA, atv = 100 mV § as shown irTable 3.40 The
ipdipc ratios remain relatively constant with slight ieases or decreases over the scanning
rate of 100 - 500 mV5(seeTable 3.39.

Ti(ba) ,biphen
301 Ferrocene as
30 - internal standard .
Coordinqted TVt Fc/Ect
<§ 0 104 B-reduction
- <+ <§_ \L
€
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<— Free Hbiphen reduction
<~ Free Hba reduction
-60 T 1 -50 T T ]
-1400 -1000 -600 -2500 -1500 -500 500
E/mV vs. Fc/Fc* E/mV vs. Fc/Fc*

Figure 3.75 Left: Cyclic voltammogramsvé. Fc/F¢) of Ti(tfth),biphen at scan rates 100, 200, 300, 400 and
500 mV §'. Right: Wide potential scarvé. Fc/F¢) of Ti(baybiphen at 200 mV Swith ferrocene used as an
internal standard (Fc/EcE” = 0 mV). Scans of uncoordinated ligand reductisftsa (blue) and bbiphen (red)

atv =200 mV § are inserted for comparison. All scan initiatedHe direction of the arrow. Measured in 0.1
mol dmi® [NBu,][PFs] / CH;CN on a glassy carbon working electrode at 25 £Ii.complex] = 2 mmol dr.

Table 3.39 Cyclic voltammetric datavg. Fc/F¢) for Ti(tfth)biphen at indicated scan rates. Measl in 0.1
mol dm?® [NBu,][PF¢] / CH;CN on a glassy carbon working electrode at 25 [Fit.complex] = 2 mmol dr.

v Epc AEp EO' ipc ipa/ipc
mV s* mvV mvV mvV HA
100 -1028 76 -990 21 0.79
200 -1030 80 -990 28 0.79
300 -1032 83 -991 36 0.77
400 -1036 89 -992 40 0.77
500 -1039 93 -993 45 0.77
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The comparative cyclic voltammograms of thefJibiphen series (seBigure 3.7 show
that the complexes containing electron withdraw@g groups, are reduced ed. 340 mV
more positive potentials relative to the non-flmated complexes, Ti(acab)phen and

Ti(ba)biphen, containing electron donating groups {@Hd Ph).

-1344  -1004 mV
—340 —
: Ti(tfba) 2biphen

Ti(tffu) 2biphen

Ti(tfth) zbiphen

s

40 pA
[ u Ti(tfaa) 2biphen
Ti(tfma) 2biphen

Ti(tfdma) 2biphen

Ti(tftma) 2biphen

at

Ti(ba) zbiphen

«>

-1800 -1400 -1000 -600

E/mV vs. Fc/Fc®

Figure 3.76 Comparative cyclic voltammogrames( Fc/F¢) at a scan rate of 100 mV for the
Ti(B).(biphen) series showing the™iTi" couple. The CVs shown in green represent complesataining
CF;-B-diketones while the one in blue contains a non-fGHiketone. Vertical dotted lines indicate the fatm
reduction potential of a single complex or an ageraf a group. Scans initiated in the directiothef arrow.
Measured in 0.1 mol dfh[NBu,][PFs] / CHsCN on a glassy carbon working electrode at 25 °C.

Ti complex] = 2 mmol dni.

195



RESULTS AND DISCUSSION

Table 3.40 Cyclic voltammetric datavg. Fc/F¢) for the Ti(3),biphen series at a scan rate of 100 iV s
Measured in 0.1 mol dth[NBu,J[PFs] / CHsCN on a glassy carbon working electrode at 25 °C.
[Ti complex] = 2 mmol dr.

Ti(B).biphen Epe AE, E° ipc ipaipe
B R mV mV mV HA
CF3COCH2COR
ttha  [28] Ph -991 63 -960 22 0.56
tffu [27] C4H30 -1012 83 -971 22 0.66
tith  [26] C4HsS -1028 76 -990 21 0.79
tfaa [24] CHs -1030 91 -985 20 0.66
tima  [29] CH2(CHs) | -1075 90 -1030 21 0.78
tfdma [30] CH(CH3)2 -1076 91 -1031 19 0.60
tftma [31] C(CH3)s -1108 91 -1063 19 0.65
Average— -1045 84 -1004
CH3COCH,COR
acac [36] CHs -1369 62 -1338 11* 0.78
ba [32] Ph -1387 87 -1344 16* 0.94

*Ti(acackbiphen and Ti(bapiphen dissolve poorly in GJEN

3.5.5 Reduction Potential Relationships

3.5.5.1 Comparison of reduction potentials with pK 5 and %r

The reduction potential of a metal centre in aesedf compounds gives an indication of the
electron density of the metal centre. For examifleéhe reduction potential of i in
Ti(B)2Cl is higher (more anodic) than in FiCl,, then a lower electron density is expected
on Ti in the first complex. Since bof (of the R groups of-diketones) and pK(of the
uncoordinate-diketones) are identities related indirectly teadton density, a correlation
between reduction potentials apgl: yr and/or pK, is expected. The relationships between
the formal reduction potential of fj E%, in [CR:Ti(B)]", Ti(B)-Cl> and Ti@):biphen (or the
cathodic peak potential, & of the uncoordinatefl-diketone) and the two variableg + xr:

and pk, are illustrated ifrigure 3.77and the data is summarisedTiable 3.41.
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Figure 3.77 Relationship between the formal reduction potenB3J (or E,) and (left y-axis): the sum of
the group electronegativities of tRediketone yr + xr and (right y-axis): pK

It can be seen fromigure 3.77that there is no direct linear relationship b torrect trends
are observed. The trends for group electroneggstiow that the larger thg + yr (more &
withdrawing) the larger (more anodic) th& #6r all the complexes investigated. The titanium
metal centre is relatively more electron-deficiénith largeryr + xr) and consequently a
higher, less negative reduction potential is olesgrvThe trends for pkshow that the larger
the pK. (less acidic) the smaller (more cathodic) the EThe titanium metal centre is
relatively more electron-rich (with larger pkand consequently a more negative reduction
potential is observed. This is consistent withhhigelectron withdrawing groups on tlfie

diketone backbone resulting in a decrease in theopkep-diketone.
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Table 3.41 Group electronegativities, pkand E (vs. Fc/F¢) values for the indicatetdiketones and the
E” (vs. Fc/F¢) of the titanium complexes. References)fgand pKa are indicated ifable 3.1

B-diketonato OR+Xr) | PKa | Epc/mV E® /mv
RCOCH,COR' R R’ B HB HB [CpTi(B)]" | Ti(B)Ll | Ti(B)biphen
hfaa CF; CF; 6.02 4.71 -1243
tfth CFs CaHsS 5.11 6.50 -1541 -619 - -990
tffu CFs C4H30 - - -1544 -624 - -971
tfba CeHs CFs 5.22 6.3 -1564 -623 -348 -960
tfaa CFs CHs 5.35 6.3 -1851 -629 -363 -985
tfma CF; CH2CHjs 5.32 6.64 -1889 - -- -1030
tfdma CFs CH(CHs3)2 5.30 6.80 -1872 - -- -1031
titma CFs | C(CHs)s 5.28 7.13 -1889 - - -1063
ba CeHs CHs 455 8.70 -2138 -840 -700 -1344
thba CeHs C4HsS 431 9.01 -1884 -837
dbm CeHs CeHs 4.42 9.35 -1934 -823 -682
acac CHs CHs 4.68 8.95 - -864 -- -1338
fca Fc CHs 421 10.01 -- -903

3.5.5.2 Comparison of Ti( B).Cl, and Ti( B).biphen complexes

Wide potential cyclic voltammograms of Ti(dbi@), and Ti(bajbiphen as examples of the
dichloro- and biphenolato-b{¥{diketonato)titanium(lV) complexes, show the relatshape
of the waves and positions of the“TTi" couple and ligand reduction (s€eure 3.78.

The uncoordinatefl-diketone reduction, Hba, is inserted into the @¥domparison.

A comparison of the formal reduction potentialstbé T{' centre for the two classes of
compounds, TR)2Cl, and Ti@).biphen withp = tfba and ba, is shown Figure 3.79 When
changing from the dichloro- to the biphenolato-atig, E decreases by ~620 mV This
suggest that in Tp).Cl, and Ti@).biphen, the biphenolato ligand behaves as a caldilje
stronger electron donor than the chloride ligand$e electronic effect of thp-diketone

ligand on the formal reduction potentials of thé'Téentre is significantly smaller; °E
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decreases by ~360 mV when changing from tfba toTdee non-Cg-p-diketonato ligand, ba,
(with R, R" = CH, Ph) behaves as a stronger electron donor tha@Fkg-diketonato ligand,
tfba, (with R, R' = CE Ph). The influence of thg-diketonato ligand on the Ti centre is

independent of the dichloro- or biphenolato-ligands

Ti(dbm) .Cl,
Solvent: DCE

. . T Fc/Fc”
B-ligand reduction ( g Ti(ba) 2biphen

Solvent: CH3;CN

<&~ uncoordinated B-ligand reduction

r T T T 1

-2500 -1800 -1100 -400 300
E/mV vs. Fc/Fc”

Figure 3.78 Comparative cyclic voltammogrames( Fc/F¢) of Ti(dbm),Cl, and Ti(baybiphen at a scan
rates 100 mV Swith ferrocene used as an internal standard (FcHc= 0 mV). Scan initiated in the direction
of the arrow.

Ti(ba) .biphen Ti(tfba) »biphen Ti(ba),Cl, Ti(tfba) »Cl»
'13.39 -960 -700 -348

& 37TIMV —> < 352my >
; ; | |
; e BL2MmV ———>
<—— B39MV ——>| !
' ' | |

-1500 -1300 -1100 -900 -700 -500 -300 -100

R = CF; or CH3

R = CF; or CH3

E/mV vs. Fc/Fc*

Figure 3.79 Formal reduction potentials’E(vs. Fc/F¢) of Ti(B),Cl, and Ti@),biphen withp = ba and tfba
at scan rate of 100 mV's
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3.5.5.3 Calculated ionisation potential of [Cp  ,Ti(B)]* correlated to pK 4, %= and =4

Density functional theory (DFT) calculations weiried out on the [GFi(p)]"CIO,4 series
with B = tfaa[3], tfth [4], tffu [5] tfba[6], ba[7], thba[8], dbm[9] and aca¢l10] to study the
ground state geometry of both [i¥(B)]" and CpTi"'(B) and to determine the ionisation
potential of CpTi" ().

Since density functional methods are for the finste applied top-diketonato titanocenyl
complexes and reported here, some measure onliddglity of the approach was obtained by
comparing the calculated data with known singlestatyX-ray diffraction structural data of
[4], [5], [6] and [10]%®" as well as the Gpi"(B) complexes Cgi"(baf® [7h],
CpTi" (dbmY¥° [9b] and CpTi" (acac}® [10b]. The root-mean-square distances (RMSD)
calculated for non-hydrogen atoms for the bestetitienensional superposition of calculated
structures on experimental structures give a caialé measurement of the accuracy of the
ground state geometry of the calculated structure&xcellent agreement between
experimental and theoretical structures is obtamedeflected by the RMSD values of 0.07,
0.08, 0.20, 0.04, 0.12, 0.07 and 0.06 A[# [5], [6], [10], [7b], [9b] and[10b] respectively.
For [5] and[6], containing disordered parts, the parts with tighést site occupancy, were
used in the RMSD calculation. The largest deviafrom experimental structure was found
for [6], containing a large % of disordered parts. A# thonds in the Tp-diketonato ring
structure off4], [5], [6] and[10] were reproduced by DFT calculations within 0.013040
from the experimental values. Since comparisonsxperimental metal-ligand bond lengths
with calculated bond lengths below a threshold.620 are considered as meaningl&she
computational method used thus gives a good acadwexperimental bond lengths. The O1-
Ti-O2 angles were calculated accurately within Data computed with this computational
method for related compounds may therefore be ptedavith an extrapolative equally high

degree of accuracy.

The ionization potential (IP) of the €f" (B) complexes, calculated according to

reduction

[Cp,TIV(B)]" + & Cp,Ti"(B) + energy

oxidation
as the amount of energy required to remove an retecfrom CpTi"(B) to form
[CpTiY(B)], is tabulated imable 3.42 Parameters that are related to the electronitgiens
on the metal centre of [GRH"(B)]", such as the pKof the p-diketone R"COCHCOR
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coordinated to the titanium complex, the group teteegativities of th&® andR' side groups
on thep-diketonato ligand, the carbony! stretching frecries {co) in [Cp:Ti" (B)]* and the
formal reduction potentials,’E of the redox active metal "iTi" in [Cp,Ti"V(B)]" are also
included inTable 3.42 The relationships between the calculated iomnagtotential (IP) and

Xr + Xry E%, vco and pkK, are shown graphically iRigure 3.8Q

8 - - 400 0 - - 2000
7 L 200
L 1900
6 0 E
S L 1800
5 200 £
n Q
44 L-400 > L1700 ©
> >
3 600 £
- L 1600
3
2] -800 Ty
L 1500
1 L -1000 14
0 T T r -1200 16 r r r 1400
4.50 5.00 5.50 6.00 6.50 4.50 5.00 5.50 6.00 6.50
IP/eVv IP/eV

Figure 3.80 The correlation of the calculated ionization pairP) with E” (vs. Fc/F¢) andveo of the

titanium complexes [GFi" (B)]", pKa values for thé3-diketones REOCH,COR and group electronegativities of
the R and Rgroups.

The correlation of the calculated ionisation patdatshows the following trends:

IP vs. yr + yxr: shows that the IP increases linearly with then saf the group electro-
negativitiesyr + yr. The titanium metal centre is relatively morecéien-deficient with
larger yr + xr @and consequently more energy is needed to remavelectron from
CpTi"(B), forming [CRTi" (B)]".

IP vs. pKa: shows that IP increases with decreasing. pRhe titanium metal centre is
relatively more electron-deficient (with smaller pand consequently more energy is needed
to remove an electron from ¢p" (B).

IP vs. vco: shows that IP increases with increasigg. Decreased electron density on a
metal centre results in higher CO infrared freqieshand larger IP.

IP vs. E°: shows that IP increases with increasing (lessitie®) formal reduction potential.
A larger E implies more energy is needed to oxidise TP(P), i.e., more energy is needed

to remove an electron from &p" (B), and thus a larger IP.
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The linear equations (y = mx + c) defining the tielaship between IP and parameters shown

in Figure 3.80are: Xr + Xr = 1.859(IP) — 5.182
E” = 508.4(IP) — 3466
Veo = 121.8(IP) + 896.9
pK, = -5.191(IP) + 35.73

This allows one to predict electronegativities bé tR and Rside groups, pkvalues of
uncoordinated3-diketone, carbonyl stretching frequenciegsof and the formal reduction

potentials, B, of [Cp:Ti"(B)]" if the calculated ionization potential is known.

Table 3.42 cCalculated ionization potential (IP), formal redantpotential, &, (vs. Fc/F¢) andvco of the
titanium complexeqCp,Ti(B)]'ClO,~, pK. values for the indicate@-diketones RCOCKCOR' and group
electronegativities of the R and &oups.

. _ B-diketone Complex
[Cp2(B)]"ClO, o
(Xr + Xr") pK 4 E” / mVv Veo IP/eV
[Cp(hfaa)]” 6.02 4.71 - - 6.05
[Cpa(tith)]”  [5] 5.11 6.50 -619 1566 5.53
[Cpo(tHu)]™  [4] - - -624 1578 5.50
[Cpa(tiba)]”  [6] 5.22 6.3 -623 1554 5.53
[Cpa(tfaa)]”  [3] 5.35 6.3 -629 1592 5.67
[Cpaba)]”  [7] 455 8.70 -840 1542 5.19
[Cpa(thba)]”  [8] 431 9.01 -837 1519 5.14
[Cp2(dbm)]”  [9] 4.42 9.35 -823 1511 5.12
[Cps(acac)]” [10] 4.68 8.95 -864 1547 5.29
[Cpa(fca)]” 421 10.01 -903 - 5.06
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Experimental

In this chapter all materials, apparatus and erpeital procedures (reaction conditions and

techniques) are described.

4.1 MATERIALS

Solid reagents (Merck, Aldrich and Sigma) were usgtout further purification while liquid
reactants were distilled prior to use. Solventsewtried and freshly distilled prior to use and
water was double distilled. Special care was takéen drying solvents with high water
absorbing capacity (MeOH, EtOH, THF and especi@lsCN) compared to solvents with
low water-absorbing capacity-Hexane, toluene, DCM, chloroform, diethyl etheBrying
methods included predrying solvents for at leash 1f@llowed by refluxing for 6 - 8 hrs over
Na wire for hexane, toluene and THF and over £aHCH;CN, DCM, CHC} and EtOH.

4.2 MEASUREMENTS

Listed below are the instruments used to make éhe@sponding measurements

NMR spectra): *H and*°F NMR spectra were recorded on either a Bruker AdeaDPX
300 ['H (300.130 MHz)] or a Bruker Advance Il 60¢H[ (600.130 MHz) and®F (564,686
MHz)] spectrometer. Chemical shifts are reportsd aalues, referenced to Sily1€0.00
ppm) for the’H spectra and CFE(0.00 ppm) for thé®F spectra. Abbreviations used when
reporting chemical shift positions are: s = sihgie= doublet, t = triplet, m = multiplet, br =
broad hump (symmetrical or irregular), s broad singlet, ¢ = broad doublet,,t = broad
triplet and (abbreviations for selected ring systgnCp = GHs, Ph = GHs, Phyo2 =
CeHsNO,, Th = GH3S and Fu = ¢H30.
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IR spectralcni?): Digilab FTS 2000 Fourier Transform spectromettiising a He-Ne laser
at 632.6 nm. Abbreviations used when reportingrisity of IR peaks: vs = very strong, s =
strong, m = medium and w = weak.

UV/vis spectra: Cary 50 Probe UV/Visible Spectrophotometer.

Melting points (M.p.) All melting points are uncorrected and were dateed either with a

Reichert Thermopan microscope fitted with a Kofftert stage (up to 200 °C) or with an
Olympus BX51 microscope fitted with a Linkam-THM 3600t stage (up to 250 °C).

4.3 CRYSTALLOGRAPHIC MEASUREMENTS

General parameters

The crystals were mounted on glass fibres and dsedtly for the crystallographic analysis.
The X-ray intensity data were measured on eithefap Bruker SMART 1K CCD
diffractometer area detector or (b) Bruker X8 AgexXK Kappa CCD diffractometer area
detector. Both instruments were equipped with algta monochromator and MoeKfine-
focus sealed tubé. € 0.71073 A) operated at 1.5 KW power (50 KV, 30)mA

All the structures were solved by the direct methpdckage SIR$7and refined using the
WiInGX software packagencorporating SHELXL® The largest peaks on the final difference
electron densities and the deepest holes wereithlinl A from non-hydrogen atoms and
presented no physical meaning in the final refineisie The protons were placed in
geometrically idealized positions (C—H = 0.93-0898nd constrained to ride on their parent
atoms withUjso(H) = X UeC) where x = 1.2 for aromatic and x = 1.5 for nyetH atoms.
Disorders on the perchlorate ions (¢l0and Ck moieties and those on the Cp and chelate
ba rings were treated with various geometrical @bdational restraints. Atomic scattering
factors were taken from the International Tables @ystallography Volume &. The
molecular plot was drawn using the DIAMOND prograwith a 30% thermal envelope
probability for non-hydrogen atoms. Hydrogen atomese drawn as fixed sized spheres with
a radius of 0.135 A.
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Machine specific parameters

Bruker X8 Apex Il 4K Kappa CCD diffractometer

Nine crystals were collected: [€R(tffu)] "ClO;, [Cp.Ti(ba)]['CIO4, [Cp:Ti(maa)[ClOy4,
Ti(acacbiphen, Ti(bagbiphen, {Ti(tfaa)Cl},(u-O), {Ti(hfaa)Cl}(u-O), {Ti(hfaak}(p-O)
(u-biphen) and [Ti(hfaafu-O)la.

The initial unit cell and data collections were iasled by the Apex2 softwdtautilizing
COSMO for optimum collection of more than a hemisphereesiprocal space. The frames
were integrated using a narrow frame integratiago@hm and reduced with the Bruker
SAINT-Plus and XPREP softwapackage$. Analysis of all of the data collections showed
no significant decay during the data collectiontaDaere corrected for absorption effects

using the multi-scan technique SADABS Variable parameters are listed in the Table below

Crystal Scans | umes | tmels | dstnce/om | TOMP/T
[Cp2Ti(tffu)] "ClO4~ [5] Qo w 948 20 3.75 -123
[Cp2Ti(ba)] *ClO4” [7] Qo w 473 180 3.75 20
[Cp.Ti(maa)] "ClO4~ [11] ®w 1688 10 3.75 -100
Ti(acac) 2biphen [36] 0] 632 20 3.75 -173
Ti(ba) 2biphen [32] ow 1149 60 3.75 -173
{Ti(tfaa) 2Cl}2(1-O) [42] o w 704 120 3.75 -173
{Ti(hfaa) Cl}2(u-O) [43] ow 1143 35 3.75 -173
{Ti(nfaa) 2}»(u-O)(u-biphen) [44] ow 949 20 3.90 -173
[Ti(hfaa) 2(u-O)]4 [45] o w 1373 8 5.30 -173

Bruker SMART 1K CCD diffractometer

Three crystals were collected: [{jtfba)]"ClO4, [Cp.Ti(tfth)] "CIO,, [Cp,Ti(dbm)]'CIO, .
The initial unit cell and data collections were iasled by the SMART-NT softwatewith
more than a hemisphere of reciprocal space cotleciehe frames were integrated using a
narrow frame integration algorithm and reduced with Bruker SAINT-Plus and XPREP
softwarepackages’ Analysis of all of the data collections showed significant decay
during the data collection. Data were correcteddbsorption effects using the multi-scan

technique SADABS?! Collection parametrs are listed in the Table elo
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Crystal scans | umes | timels | disncesom | TemP/T
[Cp2Ti(ttba)] *ClO,” 6] w 1350 10 4.00 20
[Cp2Ti(tith)] “ClO4” [4] w 1350 10 4.00 20
[Cp2Ti(dbm)] *ClO4” [9] w 1350 10 4.00 20

Crystal growing conditions

Tetrahedral Structures:

[Cp.Ti(B)]" ClO4  Single crystals were obtained by slow diffusionrefiexane into a
concentrated solution of the complex in acetonétferfluorinated complexes, [€Fi(tfba)]”,
[Cp.Ti(tfth)]* and [CpTi(tffu)]") and in DCM for the non-fluorinated complexes,
[Cp.Ti(ba)]’, [Cp:Ti(dbm)]" and [CpTi(maa)[) at room temperature.

Octahedral Structures

Ti(B)2(biphen) Single crystals of Ti(acad)iphen and Ti(babiphen were obtained by slow
evaporation of a solution of the complex in chlorafi at room temperature.

{Ti(B)LCl}2(u-O)  Single crystals of {Ti(tfaall}»(u-O) and {Ti(hfaa)Cl},(u-O) formed
from a sealed CDglsolution of the monomeric Ti(tfag@)l, and Ti(hfaagCl, complexes
respectively, at room temperature.

{Ti(hfaa) 2}2(u1-O) (u-biphen)  Single crystals were obtained by slow diffusiomdiexane
into a concentrated solution of the monomeric BEéybiphen complex in DCM at room
temperature.

[Ti(hfaa) »(u-0)]4 Single crystals of [Ti(hfaaju-O)], formed from a sealed CD{$olution

of the monomeric Ti(hfaall, complex at room temperature.
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4.4 KINETIC MEASUREMENTS

UV/vis Kinetics  Substitution reactions were monitored on the \Wi8/(by monitoring the
change in absorbance at the indicated wavelengg@ctphotometer. All kinetic
measurements were monitored under pseudo-first-araleditions with [ligand] 10 to 200
times the concentration of the Ti(IV) complex in £HN solution with [Ti complex]d 0.1
mmol dm?®.  Kinetic measurements, undgseudo-first-order conditions for different
concentrations of Ti complex at a constant [ligacdhfirmed that the concentration of the Ti
complex did not influence the value of the obserkegetic rate constant. A linear
relationship between UV absorbance, A, and conatatr, C, confirmed the validity of the
Beer Lambert law (A =Cl with | = path length = 1 cm) for the complexes at expemiale
wave lengthsAnae The observed first-order rate constants wereirddafrom least-square
fits of absorbances time data:? Stability of complexes in solution was confirmedoverlay

spectra over 24 hours.

NMR Kinetics NMR kinetics was followed by monitoring the clganin integration units
of the specified signals with time. The obsenvest-order rate constants were obtained from
least-squares fits of integration units (NM®) time datal? Kinetics measurements were
measured both undpseudo first order (10x and 40x excess) and second aroeditions. *H
NMR spectra of the title compounds after 48 hoarsalution of CD{ confirmed stability in

solution.

Kinetic Calculations Pseudo-first-order rate constarkgss were calculated by fitting
kinetic datd to the first-order equatioh [A]l; = [Alo € Y with [A]; and [Ab the
concentration of the indicated species at timed ant = 0 (UV/vis). The experimentally
determined pseudo first order rate constants wamgarted to second order rate constaats,
by determining the slope of the linear plotskgf against the concentration of the incoming
biphenolato ligand. Non-zero intercepts impliedttkys = ko[ligand] + ks and that the first
order rate constant for a solvent pathwayjn the proposed reaction mechanism exists. All
kinetic mathematical fits were done utilizing thgifig program MINSQ" The error of all
the data are presented according to crystallogcagioinventions, for examplekops =
0.0236(1) & implieskyps = (0.0236+ 0.0001) &.
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For two consecutive reactions A and B, the data prasessedia the consecutive reaction

model and the normal single stage treaterfient.

A aL gk, ¢
Normal single treatement Consecutive reaction traaid
[Al = [A]p eCkaD Bl = % [e(kal) - dhkat) |
A
[B], = [B] (e [C] = [Alo { 1- —kBlTA g €480 g, oka }

The activation parameters were determined from tlgring relationshig?

+ Ink—;‘ with AH* = activation enthalpyAS’ = activation entropyk = rate

k _ AH* AS
In—=- +

T RT
constantks = Boltzmann’s constanf, = temperatureh = Planck’s constant, R = universal

gas constant and the activation free ena/@j = AH" - TAS"*®

4.5 ELECTROCHEMICAL MEASUREMENTS

Cyclic voltammetry measurements were performed.6m@mol dn?® solutions of the T(IV)
complexes and 3.0 mmol dhsolutions of theB-diketones in dry CECN (spectroscopic
grade, HPCL) containing 0.1 mol dmM[NBu,][PFe], (Fluka electrochemical grade) as
supporting electrolyte (Cyclic voltammograms foi(fJ3Cl, complexes were performed in
DCE, spectroscopic grade, HPCL). The measuremeete conducted under a blanket of
purified argon at 25.0°C utilizing a BAS 100 B/Weelrochemical workstation interfaced
with a personal computer. A three-electrode aaimprised of a Pt auxiliary electrode, a
glassy carbon (surface area 0.0707)cworking electrode and an Ag/Ag0.010 mol drit
AgNOs in CH:CN) reference electrofemounted on a Luggin capillary was uged® Al
temperatures were kept constant to within 0.5°QuccEssive experiments under similar
experimental conditions showed that all formal @ and oxidation potentials were
reproducible to within 5 mV. In this work all citgpotentials are referenced against Ft/Fc
couple as suggested by IUPAC Electrodes were cleaned by polishing witpr8 followed

by 1 um Diapat diamond paste on an abrasive cloth (ilgaré of 8 motions), rinsed with
ethanol, water and GEN and finally dried before each experiment. Scates were
between 50 and 2000 mV*s

210



CHAPTER 4

4.6 COMPUTATIONAL MEASUREMENTS

Computational method for transition state kinetics (Section 3.4.1.1)

Calculations were performed with the B3LYRB3 Becke 3-parameter exchange and Lee-
Yang-Parr correlation) functional for both excharagel correlation, as implemented in the
Gaussian 03 package. Geometries were optimized in gas phase withpdetj basis set, 6-
311G(d,p). Solvation effects were computed by grenfng single-point calculations on the
optimized geometries with the IEFPCM model, usiogtanitrile as solvent and a dielectric
constant of 36.64. Thermochemical quantities weateulated from frequency calculations at
the same level of theory as optimizations. Thgueacy calculations were also employed to
confirm the nature of the obtained stationary mintvhich exhibited only positive

eigenvalues for minima and one imaginary frequdncyransition states.

Computational method for isomer distribution (Secti on 3.2.3.2) and ionisation
potentials (Section 3.5.5.3)

Density Functional Theory (DFT) calculations weegried out using the Amsterdam Density
Functional 2007 (ADF) program systéhwith the OLYP* (OPTX exchange functiorfal
combined with the Lee-Yang-Parr correlaf@ror PW9F® (Perdew-Wang, 1991 exchange
and correlation) functional. The TZP (Trig]epolarized) basis set, a fine mesh for numerical
integration (5.2 for geometry optimizations and 6@ frequency calculations), a spin-
restricted (gas-phase) formalism and full geomeadpgimization with tight convergence
criteria as implemented in the ADF 2007 programyrewvesed. The accuracy of the
computational method was evaluated by comparing fbet-mean-square deviations
(RMSD’s) between the optimized molecular structame the crystal structure, using the non-
hydrogen atoms in the molecule. RMSD values weateutated using the "RMS Compare
Structures” utility in ChemCraft Version 1?5. Whether artificially generated atomic
coordinates or coordinates obtained from X-ray talydata were used in the input files,
optimizations for each compound resulted in theesammimum energy optimized geometry.

Optimized structures were verified as a minimunotigh frequency calculations.
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4.7 SYNTHESIS

4.7.1 O,0'- Donor Ligands
4.7.1.1 B-Diketones: H B

\ / LDA
CHy 4+ o or - R
THF
Me\OJL :

-y =,

The reaction was performed under rigorous Schlamiditions: the system was flame-dried

NO,

and degassed with Ar for 30 min. An Ar atmospheas maintained throughout the reaction.
Acetophenone (1.2015 g, 10 mmol) was dissolvedHir T1.00 ml), transferred to a 3-neck
flask and stirred for a few minutes. Lithium digopylamide, LDA, (5.60 ml of a 1.8 mol
dm™ solution in hexane, 10.0 mmol) was added slowlylenstirring and kept cool on an ice-
bath. The transparent yellow/brown solution wasest for a further 15 min at 0 °C. The
ester (ethyl 2-thiophenecarboxylate (1.562 g, 10ofhor methyl 4-nitro benzoate (1.8115 g,
10 mmol) was added and the reaction mixture waswalll to stir for 16 h at room
temperature. Diethyl ether (20 ml) was added ® gblution inducing precipitation. The
precipitation was filtered, washed with diethyl eti{2 x 20 ml) and acidified with HCI (50
ml, 0.3 mol dn?) until 1 < pH < 4, stirring until solid dissolvedThe product was extracted
with diethyl ether (3 x 50 ml). The combined extsawere thoroughly washed with water,
dried (anhydrous MgSfpand the solvent removed under reduced presdReerystallisation
from diethyl ether (for Hthba) and DMF (for Hnbadwg spectroscopically pufediketone

product.

(@) Hthba [1]

1-phenyl-3-(2-thenoyl)-1,3-propanedione
(thenoylbenzoylacetone)

Yield 18 % (0.4192 g). M.p. = 76 °C. Colour: lighrange. '"H NMR: (600 MHz,5/ppm,
CDCl3) enol isomer: 6.72 (s, 1H, CH), 7.20 (t, 1H, ThA}¥7-7.58 (m, 3H, PhH), 7.67 (d,
1H, ThH), 7.84 (d, 1H, ThH), 7.97 (d, 2H, Phi3pectrum 11.
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(b) Hnba [2]

1-phenyl-3-(4-nitrophenyl)-1,3-propanedione
(nitrophenylbenzoylacetone)

Yield 5 % (0.1261 g). M.p. = 141 °C. Colour: ligyellow. *H NMR: (600 MHz,8/ppm,
CDCl) enol isomer: 6.91 (s, 1H, CH), 7.51 (t, 2H, PhHA)%O0 (t, 1H, PhH), 8.01 (d, 2H,
PhH), 8.14 (d, 2H, Rlad:H), 8.33 (d, 2H, P H) Spectrum 12.

4.7.2 Tetrahedral Complexes

4.7.2.1 Mono( B-diketonato) Ti(IV) complexes: [Cp ,Ti(B)]'ClO4

d

Ti

@/ ‘CI

Different procedures were followed for the reacsionith (i) water-insoluble3-diketones
(Htfaa, Htfth, Htffu, Htfba, Hba, Hthba and Hdbmda(ii) water-solubleg3-diketones (Hacac

and Hmaa). The general procedures are as follows:

i) H,O/THF
iy H,0
+ 2AgCIO; +

-2 AgCl

(i) Titanocene dichloride, GpiCl,, (0.249 g / 1.0 mmol) was dissolved in{THF, 2:1
mixture (9 ml) and stirred under nitrogen for ¥2 Tihe solution was cooled down on an ice-
bath before silver perchlorate, AgGI(0.406 g / 1.96 mmol) dissolved in water (2 mBsw~
added. The cooled mixture was stirred for a furthhehr. AgCIQ is light sensitive and the
reaction must be light protected. A white preeifgt AgCl, was filtered off and washed with
H,O/THF (2 ml). Thep-diketone (2.0 mmol) dissolved in cold THF (2 ro&. 4 °C) was
added dropwise to the orange filtrate while stgroausing a slight colour change. After ¥z hr
of stirring the solution was removed and left fort@ 7 days to precipitate (turned
brown/black); ba, dbm, thba (2 days) and-€éntainingp-diketons, tfaa, tfth, tffu and tfba (7
days). The dark sticky precipitate was collected avashed with water (2x 100 ml) and
diethyl ether (4x 50 ml). Recrystallisation fronCBl/hexane afforded pure product. The

product colour ranges from dark brown to reddisiwbr to purple brown.
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(ii) Titanocene dichloride, GpiCl,, (0.249 g / 1.0 mmol) was suspended in water (Samdl
stirred under nitrogen for 1 hr. Silver perchloraigClO,, (0.406 g / 1.96 mmol) dissolved in
water (2 ml) was added and the mixture stirredaféurther ¥2 hr. AgCIQis light sensitive
and the reaction must be light protected. A wipitecipitate, AgCl, was filtered off and
washed with water (2 ml). The red filtrate was ledoon an ice-bath and cofddiketone
(Hacac or Hmaa) was added in large excess (4and} °C) dropwise while stirring. A grey-
purple (acac) and purple (maa) precipitate fornmatheédiately, which was filtered off and

washed with water and diethyl ether.

(a) [Cp.Ti(tfaa)] *ClO,~ [3] @\

o~
Ti :
O

W

Bis(i°-cyclopentadienyljtrifluoroacetylacetonato-O,0") NN
titanium(lV) perchlorate

7

CHj

Yield 38 % (0.1642 g). M.p. = 194 °Gco = 1592 cnit. Colour: dark brown™H NMR (300
MHz, &/ppm, acetonek): 2.63 (s, 3H, Ch), 6.89 (s, 1H, CH), 7.08 (s, 10H, 2x CpH)
Spectrum 21.

(b) [Cp,Ti(tfth)] *ClO.~ [4] @\ ol ol
Bis(y°>-cyclopentadienyljtrifluorothenoylacetonato-O,0") @/ﬂ\
titanium(lV) perchlorate

Yield 48 % (0.2398 g). M.p. = 191 °Gco = 1566 crit. Colour: dark brown*H NMR (300
MHz, 6/ppm, aceton@s): 7.13 (s, 10H, 2x CpH) , 7.38 (s, 1H, CH), 7(891LH, ThH), 8.42
(d, 1H, ThH), 8.56 (d, 1H, ThH}pectrum 22.

(c) [Cp.Ti(tffu)] *ClO4~ [5] @\ P CF3 clo,
Bis(i°-cyclopentadienyljtrifluorofuroylacetonato-0,0") @/T'\

titanium(1V) perchlorate

Yield 51 % (0.2501 g). M.p. = 195 °Cvco = 1578 crit.  Colour: brown. *H NMR (300
MHz, 8/ppm, acetonek): 7.00 (t, 1H, FuH), 7.12 (s, 10H, 2x CpH), 7(83 1H, CH), 8.03
(d, 1H, FuH), 8.26 (d, 1H, FuH$pectrum 23.
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(d) [Cp,Ti(tiba)] *ClO,” [6]

Bis(y°-cyclopentadienyljtrifluorobenzoylacetonato-0,0")
titanium(lV) perchlorate

Yield 51 % (0.2525 g). M.p. = 200 °Gico = 1554 crit. Colour: metallic brown.*H NMR
(300 MHz, 8/ppm, acetonelk): 7.16 (s, 10H, 2x CpH), 7.55 (s, 1H, CH), 7.692{1, PhH),
7.87 (t, 1H, PhH), 8.35 (d, 2H, PhHpectrum 24.

(e) [Cp.Ti(ba)] *ClO,~ [7]

Bis(y°>-cyclopentadienyljbenzoylacetonato-0O,0") >T
titanium(1V) perchlorate %

.
clo,

CHs

Yield 64 % (0.2810 g). M.p. = 204 °Gico = 1542 cnit. Colour: purple/ brownH NMR
(300 MHz, 8/ppm, acetonek): 2.48 (s, 3H, Ch), 6.99 (s, 10H, 2x CpH), 7.20 (s, 1H, CH),
7.60 (t, 2H, PhH), 7.70 (t, 1H, PhH), 8.14 (d, BhH) Spectrum 25.

(f) [Cp.Ti(thba)] *ClO,~ [8] @\ o *cioy
Bis(i°-cyclopentadienyljthenoylbenzoylacetonato-O,0") Q/ﬁ\
titanium(lV) perchlorate

Yield 49 % (0.2483 g). M.p. > 200 “Gico = 1519 crit. Colour: red/ brownH NMR (300
MHz, 6/ppm, acetonek): 7.06 (s, 10H, 2x CpH), 7.42 (t, 2H, PhH) 7.633(, PhH), 7.74 (s,
1H, CH), 8.17 (d, 1H, Riy,H), 8.23 (d, 2H, PlosH), 8.42 (d, 1H, PosH) Spectrum 26.

(9) [Cp-Ti(dbm)] *CIO4™ [9]

Bis(y°-cyclopentadienyljdibenzoylmethanato-0,0")
titanium(lV) perchlorate

Yield 72 % (0.3621g). M.p. = 220 °Gico = 1511 cnit. Colour: red/ brown*H NMR (300
MHz, 6/ppm, acetonel): 7.06 (s, 10H, 2x CpH), 7.63 (t, 4H, 2x PhHY% (t, 2H, 2x PhH),
7.86 (s, 1H, CH), 8.29 (d, 4H, 2x Phipectrum 27.
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(h) [Cp.Ti(acac)] *ClO,~ [10Q]

Bis(y°-cyclopentadienyljacetylacetonato-O,0")
titanium(1V) perchlorate

CHs

Yield 86 % (0.3229 g). M.p:200 °C. vco = 1547 cnt. Colour: grey-purple’H NMR (300
MHz, é/ppm, acetonek): 2.30 (s, 6H, 2x C}J, 6.36 (s, 1H, CH), 6.90 (s, 10H, 2x CpH)
Spectrum 28.

() [Cp.Ti(maa)]*ClO,~ [11]

Bis(y°-cyclopentadienyljmethylacetylacetonato-O,0")
titanium(lV) perchlorate

Yield 68 % (0.2688 g). M.p. > 200 °Cvco = 1562 crit. Colour: purple.'H NMR (300
MHz, &/ppm, acetonelk): 2.33 (s, 3H, ChH), 3.98 (s, 3H, OCkJ, 5.66 (s, 1H, CH), 7.00 (s,
10H, 2 x GHs) Spectrum 29.

4.7.2.2 Mono(aryl-diolato) Ti(IV) complex: [Cp ,Ti(L)]

é\ <Cl HO ‘ H,OITHF @ ‘

©
Ti_ + 2AgCIO, + T — Ti
@/ HO l - 2 AgCl % % !

Titanocene dichloride, GpiCl,, (0.249 g / 1.0 mmol) was dissolved in@ATHF, 2:1

mixture (9 ml) and stirred under nitrogen for %2 Fihe solution was cooled down on an ice-

¢l

bath before silver perchlorate, AgGI(0.406 g / 1.96 mmol) dissolved in water (2 mBsw~
added. The cooled mixture was stirred for a furthehr. AgCIQ is light sensitive and the
reaction must be light protected. A white preeif@t AgCI, was filtered off and washed with
H,O/THF (2 ml). 2,2'-biphenol (0,372 g, 2 mmol) dis&d in cold THF (2 mica. 4 °C) was
added dropwise to the clear orange filtrate whilgiisg with an immediate colour change
(orange to dark red). After ¥ hr of stirring th@usion was removed and left for 4 days to

precipitate at room temperature. The precipitates washed with water, filtered and
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dissolved in diethyl ether. The solvent was rendowéh reduced pressure,from filtrate and

the product was washed with MeOH to remove unredgifghenol.

Cp.Ti(biphen) [12] Q O

O
s . : . , Ti_
Bis(y°-cyclopentadienyljbiphenyldiolato-O,0") %\o
titanium(1V) perchlorate O

Yield 25 % (0.0820 g). M.p. > 200 °C. Colour: reti NMR (600 MHz,8/ppm, acetonel):
6.34 (s, 10H, 2x CpH), 6.71 (d, 2H; biphenH), 6(8&H, biphenH), 7.18 (t, 2H, biphenH),
7.23 (t, 2H, biphenH)Spectrum 30. *H NMR (300 MHz,8/ppm, CDCh): 6.26 (s, 10H, 2x
CpH), 6.67 (d, 2H; biphenH), 6.93 (t, 2H, biphenAR6 (m, 4H, biphenH)Spectrum 30a.

4.7.3 Octahedral Complexes

4.7.3.1 Bis(B-diketonato)-dichloro Ti(IV) complexes: Ti(  B)2Cl»

CHCl3/Na/ A

- 2HCI () 7

T|C|4 +

Since the Tif).Cl, complexes are readily hydrolysed, especially int&m, all syntheses and
subsequent handling of the compounds were conductddr anhydrous conditions in a dry
Ar atmosphere. All glassware was flame-dried aad allowed to cool in a stream of dry Ar.
The Ar atmosphere was maintained throughout theticea Filtrations and recrystallisations
were performed under a blanket of Ar. All solvemisre dried and distilled under;N

immediately before use. The product was store@uAd atmosphere.

Ti(acac)Cl,, Ti(bakCl, and Ti(dbm)Cl, were prepared according to the published
procedure$>?® The general procedure used withsBFdiketones: To a stirred solution of
appropriateB-diketone (2.0 mmol) in chloroform (20 ml), titamutetrachloride, TiG| (0.2

ml / 1.0 mmol) in chloroform (0.8 ml) was syringeddropwise with an immediate colour
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change. The reaction mixture was stirred and glvgéh a slow stream of Ar (to evolve the
hydrogen chloride gas) for 20 min. The solutiorswefluxed for %2 h (for liquig-diketones:
Hhfaa, Htfaa, Htfma, Htfdma and Htftma) and 2 hr ($olid f-diketones: Htfth, Htffu and
Htfba). Dry hexane (10 - 20 ml) was added un# thaction mixture turned milky and then
the mixture was allowed to precipitate slowly f& & at 4 °C. The product was obtained
from the filtrate (i) in the case of (hfaa*, tfaadatfth) and from the precipitate (ii) in the case
of the othei-diketones.

(i) The solvent was removed from the filtrate bygueed pressure and (ii) the precipitate was
filtered off (with a pump) and washed with hexanRecrystalisation from DCMthexane
afforded pure product as a mixture of thcegisomers.

*Note: Ti(hfaa)Cl, did not precipitate after 12 h but the filtratesaa mixture of products.
Only after the crude mixture was allowed to stamd1f0 days at 4 °C, was the pure product

isolated from the filtrate as above.

(a) Tl(tfaa) 2C|2 [13]

Bis(trifluoroacetylacetonato-O,O'lichlorotitanium(lV)

Yield 60 % (0.250 g). M.p. > 200 °C. Colour: yeil. *H NMR (600 MHz,8/ppm, CDCH):
Monomer: 2.44 (s, 6H, 2x G} 6.40 (s, 2H, 2x CH). Dimer: 2.36 (s, 6H, 2x £5H6.24 (s,
2H, 2x CH) Spectrum 31. °F NMR (600 MHz,&/ppm, CDC}): Monomer and dimer:
-72.73 — -76.16 (br, 6H, 2x GF Spectrum 68.

(b) Ti(hfaa),Cl, [14] p;,;,;/;'l};\;\\\(zil
: . N DANS
Bis(hexafluoroacetylacetonato-O,Odichlorotitanium(1V) Dé """ cl

CFs
Yield 40 % (0.200 g). M.p. > 200 °C. Colour: yail. IH NMR (600 MHz,8/ppm, CDC}):
Monomer: 6.80 (s, 2H, 2x CH). Dimer: 6.70 (s, Zb, CH) Spectrum 32. °F NMR (600
MHz, 6/ppm, CDC}): Monomer and dimer: -73.51 — -76.60 (br, 6H,CPg) Spectrum 69.
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(c) Ti(tfth) ,.Cl, [15]

Bis(trifluorothenoylacetonato-O,O'flichloro titanium(I1V) FsC

Yield 50 % (0.280 g). M.p. > 200 °C. Colour: retd NMR (300 MHz,5/ppm, CDCH):
Monomer: 6.82 (s, 2H, 2x CH), 7.29-7.35 (br, 2K,IH, ThH), 7.95-8.12 (br, 4H, 2x 2H,
ThH). Dimer: 6.63 (s, 2H, 2x CH), 7.13-7.21 (BH, 2x 1H, ThH), 7.75-8.05 (br, 4H, 2x
2H, ThH) Spectrum 33. °F NMR (600 MHz,5/ppm, CDC4): Monomer and dimer: -72.78
- -75.72 (br, 6H, 2x CfF Spectrum 70.

(d) Tl(tfo) 2C|2 [16] F3C

Bis(trifluorofuroylacetonato-O,O")dichlorotitanium(lV)

Yield 50 % (0.260 g). M.p. > 200 °C. Colour: retH NMR (300 MHz,5/ppm, CDC}):
Monomer; 6.71-6.82 (br, 2H, FuH), 6.93 (s, 2H,@K), 7.70-7.78 (br, 2H, 2x 1H, FuH),
7.82-7.90 (br, 2H, 2x 1H, FuH). Dimer: 6.61-6.00, 2H, 2x 1H, FuH), 6.75 (s, 2H, 2X
CH), 7.59-7.78 (br, 4H, 2x 2H, FuH®pectrum 34. °F NMR (600 MHz,5/ppm, CDC}):
Monomer and dimer: -73.54 — -75.50 (br, 6H, 2%)CHoectrum 71.

(e) Ti(tfba) ,Cl, [17] 0, ll\\ﬁl
Bis(trifluorobenzoylacetonato-O,Odichlorotitanium(1V) fo{g\o"

Ph

Yield 60 % (0.330 g). M.p. > 200 °C. Colour: ogen*H NMR (300 MHz,8/ppm, CDC}):
Monomer: 7.05 (s, 2H, 2x CH), 7.58,(4H, 2x 2H, PhH), 7.774t 2H, 2x 1H, PhH), 8.11
(br, 4H, 2x 2H, PhH). Dimer: 6.85 (s, 2H, 2x CH)44 (br, 4H, 2x 2H, PhH), 7.63,{t2H,
2x 1H, PhH), 8.02 (br, 4H, 2x 2H, Phrgpectrum 35. **F NMR (600 MHz,8/ppm, CDCH):
Monomer and dimer: -73.44 — -75.43 (br, 6H, 2%)CHoectrum 72.
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CHy(CH3)

Bis(methyltrifluoroacetonato-O,O'flichlorotitanium(1V)

F3C

CHy(CHy)
Yield 50 % (0.230 g). M.p. > 200 °C. Colour: retH NMR (600 MHz,/ppm, CDC}):
Monomer: 1.06-1.38 (br, 6H, 2x GH 2.68 (br, 4H, 2x Ch), 6.38 (s, 2H, 2x CH). Dimer:
1.06-1.38 (br, 6H, 2x C#), 2.60 (br, 4H, 2x Ch), 6.23 (s, 2H, 2x CH)Spectrum 36. *°F
NMR (600 MHz,8/ppm, CDC}): Monomer and dimer: -73.89 — -75.89 (br, 6H, @)
Spectrum 73.

CH(CHa),
Fgcﬁo
o, |
Pt
(g) Ti(tidma) ,Cl, [19] b{g}e'
FsC .
Bis(dimethyltrifluoroacetonato-O,O"}lichloro titanium(1V) CHCHY,

Yield 50 % (0.240 g). M.p. > 200 °C. Colour: retHd NMR (600 MHz,3/ppm, CDC}):
Monomer: 0.95-1.44 (br, 12H, 4x GK2.83 (br, 2H, 2x CH), 6.38 (s, 2H, 2x CH). Dime
0.95-1.44 (br, 12H, 4x CHji, 2.75 (br, 2H, 2x CH), 6.22 (s, 2H, 2x CI$pectrum 37.

% NMR (600 MHz,8/ppm, CDC}): Monomer and dimer: -73.40 - -75.68 (br, 6H,C¥%)
Spectrum 74.

C(CHg)3

Facg?\(:l

T

(h) Ti(tftma) ,Cl, [20] - ‘b(g}e.
Bis(trimethyltrifluoroacetonato-O,O"dichlorotitanium(1V) chm)a

Yield 50 % (0.260 g). M.p. > 200 °C. Colour: retH NMR (600 MHz,/ppm, CDC}):
Monomer: 1.27 (s, 18H, 6x GH 6.48 (s, 2H, 2x CH). Dimer: 0.90 (br, 18H, Gk), 6.34
(s, 2H, 2x CH) Spectrum 38.  '°F NMR (600 MHz,8/ppm, CDC}): Monomer and dimer:
-73.86 — -75.21 (br, 6H, 2x GF Spectrum 75.
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(i) Ti(ba).Cl, [21] H3C/C§O

Bis(benzoylacetonato-O,Odichlorotitanium(lV) o/\\m

Yield 71 % (0.3130 g). M.p. > 200 °C (literattt®09-210 °C). Colour: orangeH NMR
(600 MHz,8/ppm, CDCY): 2.33 (s, 6H, 2x CH, 6.67 (s, 2H, 2x CH), 7.48y(t 4H, 2x 2H,
PhH), 7.61 @, 2H, 2x 1H, PhH), 8.00 (br, 4H, 2x 2H, Phi$pectrum 39.

(i) Ti(dbm),Cl, [22]
Bis(dibenzoylmethanato-O,Ogichlorotitanium(1V)

Yield 68 % (0.3838 g). M.p. > 200 °C (literattt€®63-264 °C). Colour: orange/redH
NMR (600 MHz,é/ppm, CDC}): 7.35 (s, 2H, CH), 7.39-7.56 (br, 8H, 4x 2H, BhiA.56-
7.69 (br, 4H, 4x 1H, PhH), 7.95-8.25 (br, 8H, 4x, ZHH) Spectrum 40,

(K) Ti(acac),Cl, [23]

Bis(acetylacetonato-O,Otichlorotitanium(lV)

Yield 89 % (0.2816 g). M.p. = 192 °C (litrature91:192%° 190-193" °C). Colour: orange.
1H NMR (600 MHz,5/ppm, CDCY): 2.19 (s, 12H, 4x CH, 6.00 (s, 2H, 2x CH)
Spectrum 41.

4.7.3.2 Bis(B-diketonato)-(biphenyldiolato) Ti(IV) complexes: T  i(B):biphen

o, ] 55 CHiCNINs 1 o;, ]9

S _— POUT

; : - 2HCl 1 1

o{i..\m HO © o/L\o
R’ R'

All operations were carried out under anhydrousdd@mns in a dry N atmosphere. All
glassware was flame-dried and was allowed to aoal $tream of dry N The N, atmosphere
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was maintained throughout the reaction. Filtragi@nd recrystallisations were performed
under a blanket of N All solvents were dried and distilled under ishmediately before use.
The complexcis-Ti(B).Cl, was prepared as described Section 4.7.3.1 and purified by

recrystallisation before use.

To a stirred solution of 2,2'-biphenol (0.186 gninol) in CHCN (15 ml), the appropriate
bis(B-diketonato)dichlorotitanium(IV), TR)-Clz, (1.0 mmol) in CHCN (5 ml) was syringed

in dropwise at room temperature with an immediatewr change (clear/grey to orange/red).
The reaction mixture was stirred and purged wisfoav stream of Bl(to evolve the hydrogen
chloride gas) for 20 min and then refluxed for 4The reaction mixture was cooled to room
temperature and the solvent evaporated to drynBsse product as a mixture of threis-
isomers was obtained in two ways: (i) the residas redissolved in GJN and allowed to
crystallise out or (ii) the residue was recryssaitl from DCM#h-hexane.

*Note: The non-fluorinated Tp),biphen complex can be washed with MeOH to remove

unreacted biphenol. The use of MeOH on the fldad analogues caused decomposition.

(a) Ti(tfaa) ,biphen [24]

Bis(trifluoroacetylacetonato-O,QO") (biphenyldiolat®,O")
titanium(1V)

CHs
Yield 40 % (0.218 mg). M.p. = 108 °C. Colour: retH NMR (600 MHz,8/ppm, CDCH):
2.27 (s, 6H, 2x Ch), 6.21 (s, 2H, 2x CH), 6.89 (d, 2H, biphenH), 7(1,12H, biphenH), 7.29
(t, 2H, biphenH), 7.47 (d, 2H, biphenHpectrum 42. *°F NMR (600 MHz,8/ppm, CDC}):
-75.23 (s, 6H, 2x CfF Spectrum 76.

(b) Ti(hfaa),biphen [25]

Bis(hexafluoroacetylacetonato-O,0') (biphenyldio&0,0O")
titanium(1V)

Yield 15 % (0.091 mg). M.p. = xx °C. Colour: redH NMR (600 MHz,5/ppm, CDC}):
6.61 (s, 2H, 2x CH), 6.90 (d, 2H, biphenH), 7.22%, biphenH), 7.35 (t, 2H, biphenH), 7.55
(d, 2H, biphenH)Spectrum 43.
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() Ti(tfth) , biphen [26] N O
%/L\i

Bis(trifluorothenoylacetonato-O,0") (biphenyldiolatO,Q") o e O
titanium(1V) e %
\_/

Yield 52 % (0.3482 g). M.p. = 119 °C. Colour: retH NMR (600 MHz,5/ppm, CDC}):
6.67 (s, 2H, 2x CH), 7.02 g 2H, biphenH), 7.14 (t, 2H, biphenH), 7.19 (t, Z,1H, ThH),
7.36 (tr, 2H, biphenH), 7.50 (d, 2H, biphenH), 7.80 (d, 24,1H, ThH), 7.86 (d, 2H, 2x 1H,
ThH) Spectrum 44. *F NMR (600 MHz,5/ppm, CDC}): -74.98 (s, 6H, 2x G Spectrum
7.

B
©
(d) Ti(tffu) , biphen [27] FsC ‘.io;,;/;“'_"1):;\;\{\()3 O
Bis(trifluorofuroylacetonato-O,0') (biphenyldiolateD,0") o/cl)\o O
titanium(I1V) R P
\_/

Yield 46 % (0.2895 g). M.p. = 107 °C. Colour: retH NMR (600 MHz,5/ppm, CDC}):
6.63 (d, 2H, 2x 1H, FuH), 6.79 (s, 2H, 2x CH), 6.@8, 2H, biphenH), 7.14 (t, 2H,
biphenH), 7.27 (br, 2H, 2x 1H, FuH), 7.36,(H, biphenH), 7.49 (d, 2H, biphenH), 7.69 (s,
2H, 2x 1H, FuH) Spectrum 45. *°F NMR (600 MHz,5/ppm, CDC4): -75.13 (s, 6H, 2x Gff
Spectrum 78.

(e) Ti(tfba) , biphen [28]

Bis(trifluorobenzoylacetonato-O,0") (biphenyldiolatO,0")
titanium(1V)

Yield 58 % (0.3824 g). M.p. = 86 °C. Colour: retH NMR (600 MHz,5/ppm, CDC}):
6.89 (s, 2H, 2x CH), 7.02 ¢d 2H, biphenH), 7.16 (t, 2H, biphenH), 7.3%,(2H, biphenH),
6.47 (t, 4H, 2x 2H, PhH), 7.52 (d, 2H, biphenH{4 (t, 2H, 2x 2H, PhH), 7.91 (d, 4H, 2x
2H, PhH) Spectrum 46. '*F NMR (600 MHz,/ppm, CDC}): -75.00 (s, 6H, 2x G
Spectrum 79.
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CHy(CH3)

(f) Ti(tfma) , biphen [29] g N\ O
Bis(methyltrifluoroacetonato-0O,0’) (biphenyldiolat®,0’) /T,\ |

titanium(I1V) F30\<E;z ,,,,, o O

CHy(CHg)

Yield 22 % (0.1238 mg). M.p. = 109 °C. Colourdre'H NMR (600 MHz,5/ppm, CDC}):
1.08 (t, 6H, 2x Ch), 2.54 (m, 4H, 2x Cb), 6.20 (s, 2H, 2x CH), 6.90 (d, 2H, biphenH), 7.12
(t, 2H, biphenH), 7.29 (t, 2H, biphenH), 7.48 (&, biphenH) Spectrum 47. *°F NMR (600
MHz, 6/ppm, CDC}): -75.21 (s, 6H, 2x Gff Spectrum 80

CH(CHa),
(g) Ti(tidma) »biphen [30] Fic ‘-'p;/;ll,(/,&\,\\,\q O
Bis(dimethyltrifluoroacetonato-O,O'fbiphenyldiolato-O,0") < ,T\,'}O?
titanium(1V) Fe—( P O
CH(CHa),

Yield 36 % (0.2128 g). M.p. = 95 °C. Colour: retH NMR (600 MHz,5/ppm, CDC}): 1.11

(d, 12H, 4x CH), 2.69 (m, 2H, 2x CH), 6.21 (s, 2H, 2x CH), 6.89 ZH, biphenH), 7.11 (t,
2H, biphenH), 7.29 (t, 2H, biphenH), 7.47 (d, 2thHenH) Spectrum 48. '°F NMR (600

MHz, 5/ppm, CDC}): -75.23 (s, 6H, 2x GIF Spectrum 81.

(h) Ti(tftma) , biphen [31]

Bis(trimethyltrifluoroacetonato-O,Q") (biphenyldi@to-O,0")
titanium(1V)

C(CH)s
Yield 36 % (0.2240 mg). M.p. = 105 °C. Colourdre'H NMR (600 MHz,5/ppm, CDC}):

1.16 (s, 18H, 6x Ck), 6.33 (s, 2H, 2x CH), 6.89 (d, 2H, biphenH), 7(1L02H, biphenH),
7.29 (t, 2H, biphenH), 6.47 (d, 2H, biphenHgpectrum 49. °F NMR (600 MHz,5/ppm,
CDCl): -75.18 (s, 6H, 2x GfF Spectrum 82.

(i) Ti(ba),biphen [32]

Bis(benzoylacetonato-O,0") (biphenyldiolato-O,0")
titanium(1V)

Yield 40 % (0.2212 g). M.p. > 200 °C. Colour: réth NMR (600 MHz,6/ppm, CDC}):
2.21 (s, 6H, 2x ChJ, 6.49 (s, 2H, 2x CH), 6.98-7.14 (m, 4H, aromajicH29-7.55 (m, 10H,
aromaticH), 7.00 (d, 4H, 2x 2H, PhFgpectrum 50.
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()) Ti(dbm) ,biphen [33] Ph/CQO O
Bis(dibenzoylmethanato-O,O(piphenyldiolato-O,0") v

... 0O
titanium(1V) i O

Yield 36 % (0.2403 g). M.p. > 200 °C. Colour: retH NMR (600 MHz,5/ppm, CDC}):
7.08-7.16 (m, 4H, aromaticH), 7.18 (s, 2H, 2x CHB3-7.61 (m, 16H, aromaticH), 7.96 (d,
8H, 4x 2H, PhH)Spectrum 51.

4.7.3.3 Bis(B-diketonato)-(aryl-diolato) Ti(IV) complexes: Ti(  B).L

(i) Ti(acac) 2L complexes

CHs CHs
g IaNee
Ollm DCM /N, Ollo
TN T | Do
o
CHs CHs

@and other substituted species)

All operations were carried out under anhydrousdd@mns in a dry N atmosphere. All
glassware was flame-dried and was allowed to aoal $tream of dry N The N atmosphere
was maintained throughout the reaction. Filtragi@nd recrystallisations were performed
under a blanket of N All solvents were dried and distilled under ilhmediately before use.
The complexcis-Ti(acac)Cl, [23] was prepared according to the published procédare
purified by recrystallisation before use.

To a stirred solution of dihydroxy-aryl ligand (Immol) in DCM (3 ml), bis(acetylacetonato)-
dichlorotitanium(lV), Ti(acacCl,, (0.4311 g / 1 mmol) in DCM (2 ml) was syringed in
dropwise at room temperature with an immediate wolchange. The reaction mixture
instantly turned dark red and the dihydroxy-argbhd dissolved on shaking. After standing
5 h at room temperature, the reaction mixture \agered with hexane (7 ml) and allowed to
stand for 2 days. The precipitate was isolatedillnation and washed with hexane and

recrystallised from DCM h-hexane.
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H3C

(K) Ti(acac),cat [34]

Bis(acetylacetonato-O,O(penzyldiolato-O,0")

. . 4 (o]
titanium(I1V) “3°M

Yield 12 % (0.0428 g). M.p. > 200 °C. Colour: fiebwn. *H NMR (300 MHz, 8/ppm,
CDCl3): 2.20 (s, 12H, 4x C§), 5.90 (s, 2H, 2x CH), 6.28 (m, 2H, catH), 6.65 @Hl, catH)
Spectrum 52.

() Ti(acac),naph [35]

Bis(acetylacetonato-O,0O(nhaphthyldiolato-O,0")
titanium(1V)

Yield 62 % (0.2488 g). M.p. > 200 °C. Colour: femwn. *H NMR (300 MHz, &/ppm,
CDClg): 2.01-2.31 (br, 12H, 4x GH| 5.89 (s, 2H, 2x CH), 7.25 (s, 1H, naphH), 7.87LH,
naphH), 7.31 (t, 1H, naphH), 7.34 (s, 1H, naphH)31d, 1H, naphH), 7.64 (d, 1H, naphH)
Spectrum 53.

(m) Ti(acac), biphen [36] Hac/g%’o O
Bis(acetylacetonato-O,O(piphenyldiolato-O,0") o/ L\O O

titanium(lV) “3°\<72

Yield 78 % (0.336 g). M.p. > 200 °C. Colour: retH NMR (600 MHz,3/ppm, CDC}):
2.04 (s, 12H, 4x C§J, 5.79 (s, 2H, 2 x CH), 6.88 (d, 2H, biphenH),7(® 2H, biphenH),
7.22 (t, 2H, biphenH), 7.39 (d, 2H, biphen&)ectrum 54.

(n) Ti(acac),binaph [37]

Bis(acetylacetonato-O,O(pinaphthyldiolato-O,0")
titanium(1V)

Yield 60 % (0.3112 g). M.p. > 200 °C. Colour: fewn. 'H NMR (600 MHz,5/ppm,
CDCls): 2.00 (s, 12H, 4x CH), 5.77 (s, 2H, 2x CH), 7.12 (t, 2H, binaphH), 7 @52H,
binaphH), 7.27 (d, 2H, binaphH), 7.34 (d, 2H, bimp, 7.83 (d, 4H, binaphHpectrum 55.
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CHs3

(0) Ti(acac),mbiphen [38] HSCCO O O

Ti
Bis(acetylacetonato-O,O(methylenebiphenyldiolato-O,0") e c\)\o O

titanium(1V) M

CH3

Yield 62 % (0.2761 g). M.p. > 200 °C. Colour: #edwn. *H NMR (300 MHz,&/ppm,
CDCl): 2.00-2.46 (br, 12H, 4x G 3.94, 4.90 (br, br, 1H each, @H5.82 (s, 2H, 2x CH),
6.72 (br, 2H, mbiphenH), 6.90y(s2H, mbiphenH), 7.18 {s 2H, mbiphenH), 7.36 {s 2H,
mbiphenH) Spectrum 56.

(i) Ti(B)2mbinaph complexes

R' R’
0y, LT IaYeo
;.50 " ol

HO CH3CN /Ny /A

NG — o PN

o .Y Cl HO ol L....o‘
Rﬁ Rﬁ
o

All operations were carried out under anhydrousdd@mns in a dry N atmosphere. All
glassware was flame-dried and was allowed to aoal stream of dry N The N, atmosphere
was maintained throughout the reaction. Filtrati@nd recrystallisations were performed
under a blanket of N All solvents were dried and distilled under ilhmediately before use.
The complexcis-Ti(B).Cl, was prepared as described Section 4.7.3.1 and purified by

recrystallisation before use.

To a stirred solution of 1,1'-methelene-bis(2-napht(0.300 g, 1 mmol) in C}CN (15 ml),
the appropriate bigfdiketonato)dichlorotitanium(lV), Ti).Clz, (1.0 mmol) in CHCN (5
ml) was syringed in dropwise at room temperatur¢hwan immediate colour change
(clear/grey to red). The reaction mixture wagatirand purged with a slow stream of (0
evolve the hydrogen chloride gass) for 20 min amehtrefluxed for 4-6 h. The reaction
mixture was cooled to room temperature and theeswlevaporated to dryness. The product
was obtained in two ways (i) the residue was redliesl in CHCN and allowed to crystallise

out or (ii) the residue was recrystallised from D@Mexane.
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CHs
(p) Ti(acac) , mbinaph [39] H3°/4:<00 OO

!

Bis(acetylacetonato-O,0") ’o/ (\)\o

(methylenebinaphthyldiolato-O,OYtanium(1V) HSCM OO
CH,

Yield 62 % (0.3368 g). M.p. > 200 °C. Colour: retH NMR (300 MHz,8/ppm, CDC}):
2.07 (s, 12H, 4x C§), 4.79, 5.16 (br, br, 1H each, @H5.80 (s, 2H, 2x CH), 7.01 (br, 2H,
mbinaphH), 7.27 (br, 2H, mbinaphH), 7.40 (br, 2HpimaphH), 7.54 (d, 2H, mbinaphH),
7.73 (d, H, mbinaphH), 8.36 (br, 2H, mbinaph&)ectrum 57.

CH3
(q) Ti(tfaa) , mbinaph [40] F°§°o OO

Bis(trifluoroacetylacetonato-O,QO") e T\ o
(methylenebinaphthyldiolato-O,Oftanium(IV) FzCM OO
CH3

Yield 60 % (0.3900 g). M.p. > 200 °C. Colour:dkired. *H NMR (300 MHz, 8/ppm,
CDCls): 2.33 (s, 6H, 2x C), 4.86, 5.17 (dd, 1H each, @K 6.23, 6.27 (s, s, 1H each, 2x
CH), 7.03 (br, 2H, mbinaphH), 7.29-7.54 (br, 4H,inaphH), 7.60 (d, 2H, mbinaphH), 7.78
(d, 2H, mbinaphH), 8.43 (br, 2H, mbinaphigpectrum 58.

(r) Ti(hfaa) , mbinaph [44] FC{Q P o OO
e

Yield 45 % (0.2055 g). M.p. > 200 °C. Colour: retH NMR (300 MHz,8/ppm, CDCH):
4.98, 5.12 (dd, 1H each, GK16.64, 6.68 (s, s, 1H each, 2x CH), 7.00 (br, @&thinaphH),
7.34-7.58 (br, 4H, mbinaphH), 7.64 (d, 2H, mbinaphH81 (d, 2H, mbinaphH), 8.49 (br,
2H, mbinaphH) Spectrum 59.

Bis(hexafluoroacetylacetonato-O,0") d ™,
(methylenebinaphthyldiolato-O,Otjtanium(lV) FsCM
C

F.
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Concluding Remarks

In this study, twop-diketones, four new (and six known) tetrahedragno-diketonato
titanium(lV) complexes, 25 new (and five known) afoedral, big3-diketonato titanium(1V)
complexes, three new dimeric and one new tetramgt@mium(lV) complexes were
synthesised. Known synthetic protocols were otiai(to enhance synthetic yields) or new
synthetic procedures had to be developed to achswehetic success. Key Ti(lV)
compounds are shown below. These complexes weohalacterised spectroscopically with
UV/Vis, IR, *H and®F NMR spectroscopy. Crystal structures of selectemhonuclear
(tetrahedral and octahedral complexes) and oxaéddlinuclear and tetranuclear complexes
are reported.

The physical properties of the complexes were itiyated with electrochemical and kinetic

techniques.
Ti(IV) complexes
,—Tetrahedral — ,—Octahedral—l
[Cp,Ti(B]* Cp,Ti(biphen) Ti(B),Cl, Ti(B)(L)
H R H R
g0 S,
\ O 9/?/2,,"'|"Li\'\‘c' O, | N
Ti POUTi Ti
Q/\o o | e o 1N
H R R

R = CF3 and R' = CF3 (hfaa), CHj; (tfaa), CH,(CH3) (tfma), CH(CHjs), (tfdma), C(CHj3)s (tftma), C4H3S (tfth), C4H3O (tffu) and Ph (tfba)
R =Ph and R'= CHs (ba), Ph (dbm) and C4H3S (thba)
R = CHz and R' = CHj3 (acac)

L= g) = cat (L51), naph (L5?), biphen (L"), binaph (L"), mbiphen (L&) and mbinaph (L%?)
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CONCLUDING REMARKS

'H and'®F NMR solution phase studies, supported by a coatiomial (DFT) study, show that
octahedral Ti§).Cl, and Ti@).biphen complexes exist as an equilibrium mixturéhoée cis
isomers and that they engage in distinct intramdégcrearrangement (exchange) processes.
The CRk-containing Tip).Cl, complexes participate further in facile (monorser- dimer)
equilibrium, involving the interconversion of cheraily distinct compounds in which the
equilibrium favours higher nuclearity. Controllegdrolysis of the Ti§).Cl, complexes give

dimeric and tetrameric products.

Three types of substitution reaction were investida(shown below); involving the
substitution of monodentate Cligands in Tif).Cl, for bidentate biphenol, the successive
substitution of bidentat@-diketonato ligands and substitution of the bipHatmligand in
Ti(acac)biphen for bidentate ligands with varying ring sizé>’ ® 8(L" = O,0"bidentate

ligand of ring size n).
Ti(B),Cl, _M2PPMeN  Ti(B),biphen __Hacac _ Ti(acac),biphen _L%7°® _ Ti(acac),L5 7°r8

The activation parameters are consistent with eacisecutive substitution proceedivig a
seven-coordinate transition state according to &so@ative mechanism. A DFT
computational study for the biphenol substitutianTgacac)Cl, is in agreement with the

experimental data and the proposed associativiaagmathway.

Bis(B-diketonato)titanium(IV) complexes undergo rapidran and slower intermolecular
ligand exchange reactions. The ligand-exchangédileaga and kinetics of the intermolecular
B-diketonato exchange process, forming a mixed tga@momplex (shown below) was

investigated.

Ti(B)2biphen + Ti(B")2biphen Ke 2 Ti(B)(B)biphen

The equilibrium constank., depends primarily on the relative number o G&bstituents on
the exchanging-diketonato ligands. When the exchanging ligarafgan the same number
of CF; groups, the equilibrium lies midway (~50% mixegalhnd complex) while when they
differ by one CEk group, the equilibrium favours the mixed ligandnmex (~60%). The

exchange mechanism is consistent with an assoeipticess.
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CHAPTER 5

Electrochemical (cyclic voltammetric) studies ore thrdiketone ligands and the Ti(IV)
complexes were performed in the weakly coordinat@igsCN/[NBu,][PFs] medium (or
DCE/[NBuw][PFg] for the Ti(3).Cl, series). The reduction of the Ti(IV) complexesiaih

form negatively charged reduced species, i.e.,

Cp,TiV(biphen) ==& [Cp,Ti"(biphen)]

TiIV(R),Cl, ==&~  [Ti"(@).Cly]"

TiV(B)biphen —€w  [Ti"(B)zbiphen]”

are, to varying degrees, chemically unstable. f@dox process at low scan rates shows
anodic currents withpd/ipc < 1 and are electrochemically reversible for,TGbiphen) and
Ti(B)-biphen and irreversible for TCl,. In contrast, the reduction of [€f(B)]", forming

a neutral reduced species, is chemically and elgogmically reversible f¥i,c = 1 andAE, <

90 mV).

[Cp,TiV(B)* e Cp,Ti"(B)

The reduction of th@-diketone, which forms an unstable radical anieduced species, i.e.,

HB € HpB
is chemically irreversible and no reverse oxidatiwacess is observed. However, when the
B-diketone contains two aromatic side groups, thenradical anion is stabilised long enough
such that the redox process becomes electrochdynieatersible AE, < 90 mV) with an

increased anodic current at higher scan rates.

The formal reduction potential ’Eof the Ti(IV) complexes (or the reduction potahtiE,,

of the B-diketones) was correlated to parameters relatetdetiron density on the Ti centre,
i.e.,xr + xr (sum of the group electronegativities of R an@fRhe coordinate@-diketonato
ligand, RCOCHC@R'") and pk; of the B-diketones. Although there was no direct linear
relationship between the reduction potential arditidicated parameters, the correct trends
were observed; E(or E) increased (became less negative/more anodic)imdteasing(r +

yr and decreasing pK The titanium metal centre is relatively moreceien deficient with

largeryr + yr and lower pK and consequently a higher reduction potentiabiseoved.

233



CONCLUDING REMARKS

lonisation potentials (IP), calculated (using DEEB)the amount of energy required to remove
an electron from Gi" (B) to form [CpTi'"v(B)]" according to

reduction

[CpTIV(B)" + € Cp,Ti'"'(B) + energy

oxidation

showed a linear correlation 4g +y&, E°, vco and pkK, i.e.,

Xr1 + Xr = 1.859(IP) — 5.182
E® = 508.4(IP) — 3466
Veo = 121.8(IP) + 896.9
pK, = -5.191(IP) + 35.73

This allows one to predict electronegativities bé tR and Rside groups, pkvalues of
uncoordinated3-diketone, carbonyl stretching frequenciesof and the formal reduction

potentials, B, of [Cp,Ti" (B)]" if the calculated ionisation potential is known.

Perspectives for future studies are varied. Inpesent investigation, a series of mgho-
diketonato and big-diketonato Ti(IV) complexes were synthesised andbjected to
electrochemical and kinetic studies. Similar stgdiextended towards [)eX, complexes
with X = F, Br and |, could lead to interesting @idn phase studies. Tls-isomers are
favoured by the tendency to maximise-gc bonding and symmetry effects while ttians
isomer only exists when these factors can be owesdoy steric interactions. A bulky donor
groups like | could force the P)aX, complexes into théransconfiguration. Other metals
series could be incorporated to quantify trendsiwia. group (Ti, Zr and Hf) or period (Ti, V
and Cr or Zr, Nb and Mo complexes) of the periddlde.

Ti(IV) complexes in the present study were modelmd two well known, anticancer
compounds; four-coordinated tetrahedrally configurétanocene and six-coordinated,
octahedrally configured budotitane. Hence appbeadf the synthesised complexes in terms

of anticancer activity should be addressed.

Future theoretical studies could involve the deteation of transition states of other
substitution reactions to support the proposedcatsee mechanisms and clearly understand
why the associative substitution and exchange imectare not dependent on the
concentration of the incoming ligand. The isomestribution of the Tig),Cl, and

Ti(B)2biphen complexes with phenyl containifigliketones were modelled; the calculations

could be extended to all relevant synthesised cexesl
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ABSTRACT

Synthetic routes to prepare fluorinated tetrahedrabnof-diketonato titanium(lV)
complexes, [C#Ti(p)’], octahedral big-diketonato titanium(lV) complexes, PBkCl, and
Ti(B)2biphen, as well as dimeric and tetrameric titaniMph€omplexes, were developed and
optimised. All complexes were fully characterisauer alia with UV/vis, IR, *H and *F
NMR and X-ray crystallography. Further charactgitm of the complexes was done by

means of electrochemical and kinetic techniques.

Solution phase studies using variable temperdtdrand**F NMR show that all octahedral
Ti(B)2Cl, and Ti@).biphen complexes exist in solution as an equiliiorimixture of threeis
isomers which rearrangéa fast (on NMR timescale) intramolecular exchangecesses.
The CRK-containing Tif3).Cl, complexes further participate in facile monomes— dimer

equilibrium, involving the interconversion of cherally distinct compounds.

Substitution and exchange reactions involving tgand(s) in the octrahedrally coordinated
bis(B-diketonato)Ti(IV) complexes were investigated bgans of UV/Vis and NMR Kkinetics.
Experimental and computational data were mutualhscstent indicating that the substitution
processes proceededa a seven-coordinate transition state according rtoassociative
mechanism. The ligand exchange equilibria studfesi(p).biphen complexes showed that
the formation of mixed-ligand complexes is a randsiatistical process when the exchanging
B-diketonato ligands contain the same number of @Bups, while the equilibrium favours

the mixed ligand complex when they differ by one; Gfoup,

Electrochemical (cyclic voltammetric) studies om thi(IV) complexes and thp-diketones
were performed in the weakly coordinating £l or DCE/[NBu][PFs] medium. The
reduction of the Ti(IV) complexes Gpi(biphen), Ti@).biphen and T{f).Cl, which form
negatively charged reduced species, are to vadeéggees chemically unstable. However, the
[Cp:Ti(B)]" complexes, forming a neutral reduced speciescleenically stable. The redox
process is electrochemically reversible for,Tfbiphen), TiB).biphen and [CgTi(B)]" and

irreversible for Tip).Cl,

235



The reduction of the uncoordinat@ddiketone, forming an unstable radical anion, i$ no
coupled with a reverse oxidation process. Howewdren thep-diketone contains two

aromatic side groups, the radical anion is stalisong enough that the redox process,
becomes electrochemically reversiobd=p < 90 mV) with an increasing peak aniodic current

at higher scan rates.

The electron density on the titanium(lV) metal centvas manipulated by changing the R
groups on the coordinatgddiketonato ligand (RCOCHCORfrom electron donating (R =
CHs, Ph) to strongly electron withdrawing (R = £F The formal reduction potential’ Eof
the Ti(IV) complexes (or the reduction potentiale, Bf the ligands), correlated to parameters
related to electron density on the Ti centre, j&+ yr (SUm of the group electronegativities
of R and R' groups on thgdiketonato ligand R'COCHCORand pk, of the -diketones.
Calculated (DFT) ionisation potentials of [{f(B)]" complexes showed a linear correlation
to yr + xR, allowing one to predict electronegativities of tR and Rgroups if the calculated

ionization potential is known.

KEY WORDS

titanium, titanocene3-diketone, aryl-diolato (L) ligands, DFT, crystajlaphy, substitution,

ligand exchange, kinetics, cyclic voltammetry, gr@llectronegativity.
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OPSOMMING

Sintese tegnieke om gefluoreerde tetraédriese riatiketonato titanium(lV) komplekse,
[Cp2Ti(B)"], oktaédriese big-diketonato titanium(IV) komplekse, B).Cl> en Ti).biphen,
asook dimeriese en tetraédriese titanium(IV) kolkgse te berei is ontwikkel en geoptimeer.
Alle komplekse is ten volle gekarakteriseer, orateere met UV/sigbaar, IBH en'F KMR

en kristallografiese X-straal tegnieke. Verdereakeerisering van die komplekse is met

behulp van elektrochemiese en kinetiese tegnietteage

Oplossingsfase studies deur gebruik te maak vaanderlike temperatuuH en'F KMR
data, toon aan dat alle oktaédrieseB)bCl, en Ti(3)biphen komplekse in oplossing as 'n
ewewigsmengsel van drie isomere, wied 'n vinnige (op KMR tydskaal) intramolekulére
proses uitruil, bestaan. Die gbevattende Tf).Cl, komplekse toon’n verdere

monomeer<=— dimeer ewewig, met chemies shdédare komplekse betrokke.

Substitusie en uitruilingsreaksies van die ligamiadie oktaédries gekoodrdineerde Bis(
diketonato)Ti(IV) komplekse is met UV/sigbaar en RMinetika ondersoek. Eksperimentele
en berekeningschemie data stem ooreen dat dietsghsprosesia’n sewe gekodrdineerde
oorgangstoestand volgens assosiatiewe meganisme, plaasvind. Die liganduiliitgs
ewewigstudies van die B)zbiphen komplekse toon dat: (a) die vorming vangéimengde
ligand kompleks i& willekeurige statistiese proses indien die uitng$ f-diketonato ligande
dieselfde aantal GFgroepe bevat en (b) die ewewig die gemengde ligamdpleks word
begunstig indien die aantal van die uitruilifgysliketonato ligande se GFroepe met een

verskil.

Elektrochemiese (sikliese voltammetriese) studeslie Ti(IV) komplekse en dig-diketone
is uitgevoer in swak koordinerende €N of DCE/[NBu][PF¢] oplossings. Die reduksie
van die Ti(IV) komplekse Gii(biphen), Ti@).biphen en Ti§).Cl, wat negatief gelaaide
gereduseerde spesies vorm, is chemiese onstabielverskillende graad. Die [GPi(B)]”
komplekse, egter, wai neutrale gereduseerde spesie vorm, is chemiewlstabie redoks
proses is elektrochemies omkeerbaar vir,T@piphen), TiB).biphen en [CgTi(B)]" en

onomkeerbaar vir T),Cl..
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Die reduksie van die ongekodrdineefddiketoon vormin onstabiele anioon radikaal en toon
geen gekoppelde oksidasie proses nie. Indierp-dig&ketoon egter twee aromatiese groepe
bevat, word die anioon radikaal lank genoeg gelsdabr dat die redoks proses
elektrochemies omkeerbaar word met toenemende piek anodiese stroom met hoér

skandeertempo’s.

Die elektrondigtheid op die titanium(lV) metaalsemtis gemanipuleer deur die R groepe op
die koordinerend@-diketonato ligand (RCOCHCORte wissel van elektrondonerende (R =
CHs, Ph) na sterk elektrononttrekkende (R =;)CPDie formele redokspotensiaal’,&an die
Ti(IV) komplekse (of die reduksie potensiaalp,Evan die B-diketone), korreleer met
parameters wat met die elektrondigtheid op dieehitrasim verband hou, i.eg + yr (SOM van
die groep elektronegatiwiteite van die R en R' peoeop die p-diketonato ligand
R'COCHCOR) en pk; van diep-diketone. Berekende (DFT) ionisasie potensiale dig
[Cp.Ti(B)]" komplekse toorn lineére verband metz + y, wat mens in staat stel om die
elektronegatiwiteite van die R en’ Broepe te kan bepaal indien die berekende iomisasi

potensiaal bekend is.
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'H NMR Spectra

A.1 LIGANDS

Spectrum 1: Hhfaa (hexafluoroacetylacetone CDCl;
6.40 (s, 1H, CH)
F3C CF3
CD_CI3
H ; _ S
Z

B‘4 I 8!2 ‘ B‘D I 7!5 ?!E 7I4 I 7!2 ‘ 7.0 I 6!8 ‘ BTB ‘ 6!4 ‘ 872 ‘ ETD ‘ 5!8 ‘ S.IBV‘ 5!4 I 5.‘2 ‘ 5!0 ‘ 2!3 I 271 I 1‘9

CDCl;

Spectrum 2: Htfaa (trifluoroacetylacetong
6.00 (s, 1H, CH), 2.24 (s, 3H, CHs)

F3C CHg3

(@]
—3
&
10 —muvu
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Spectrum 3: Htfma (trifluoromethylacetylacetone

5.95 (s, 1H, CH), 2.51 (m, 2H, CH,(CHs)), 1.22 (t, 3H, CH,(CHy))

CDClg

CDClg
1
z Z J
Bé Bb ?E 75 7; 75 75 EE 6.6 Eg 6.2 Bb Sb 5% 5.4 Sé 50 2£ 2; 25 2b 15 1.6 1} 1.2 {D
Spectrum 4: Htfdma (trifluorodimethylacetylacetone CDCl;
5.95 (s, 1H, CH), 2.64 (m, 1H, CH(CHs)), 1.23 (d, 6H, CH(CHs),)
CH(CHj3),
cDCly J
e D
2 Z &
BIZ BlD 7.8 7‘5 7‘4 7‘2 ?IEI EIE EIB B4 EIZ B0 58 &6 5‘:1 5‘2 SID ZIE 2‘4 Z‘EI TE: 1B 1‘:1 1.2 10
Spectrum 5: Htftma (trifluorotrimethylacetylacetone CDCl;
6.05 (s, 1H, CH), 1.25 (s, 9H, C(CHy)s)
C(CHz)s
CDCly
l il AAA_Aﬁ__MAELAAQﬁ
d 4
: I I ] I 7h I BEE B4 Bé Bh 5% Eé 5! 52 ;D 2% Zg 22 Zh 1% 16 14 12 10

82 80 78 7B 74 72 B8
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Spectrum 6: Htfth (trifluorothenoylacetonge CDCl;

7.85 (d, 1H, ThH), 7.77 (d, 1H, ThH), 7.20 (t, 1H, ThH), 6.45 (s, 1H, CH)

CDCls

e ) i
T =1 =3

CDClg

Spectrum 7: Htffu (trifluorofuroylacetong
7.68 (d, 1H, FuH), 7.34 (d, 1H, FuH), 6.64 (m, 1H, FuH), 6.49 (s, 1H, CH)

CDCl;

CDCl,

Spectrum 8: Htfba (trifluorobenzoylacetore
7.95 (d, 2H, PhH), 7.63 (t, 1H, PhH), 7.51 (t, 2H, PhH), 6.58 (s, 1H, CH)

CDCl;

1.04

T T T T
BB b4 6.2 60 58 56 54 52 50
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Spectrum 9: Hba (benzoylacetone

CDCl,
7.91 (d, 2H, PhH), 7.56-7.44 (m, 3H, PhH), 6.19 (s, 1H, CH), 2.22 (s, 3H, CH3)

CDCl;

Ly o T
2 < =
o~ Ll ™
LIS e e L B T I T T T T T T T
83 81 79 77 75 7.3 7 69 BY 65 B3 61 59 57 65 53 &1 24 22 20

Spectrum 10: Hdbm (dibenzoylmethane

CDCl,
8.02 (d, 4H, PhH), 7.62-7.46 (m, 6H, PhH), 6.85 (s, 1H, CH)

CDCls

Spectrum 11: Hthba [1] (thenoylbenzoylacetope

CDCl,
7.97 (d, 2H, PhH), 7.84 (d, 1H, ThH), 7.67 (d, 1H, ThH), 7.58-7.47 (m, 3H,

PhH), 7.20 (t, 1H, ThH), 6.71 (s, 1H, CH)

CDCls

ot b o [ il T )
o o s o < =
o - - o - =

T T T T T T T T T T T
58 56 5.4 52 f
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CDClg

Spectrum 12: Hnba [2] (nitrophenoylbenzoylacetope
8.33 (d, 2H, Phyo,H), 8.14 (d, 2H, Phyo,H), 8.01 (d, 2H, PhH), 7.60 (t, 1H, PhH),

7.51 (t, 2H, PhH), 6.92 (s, 1H, CH)

CDCly
[a— e L e L
@ o o g e S
- o™ o~ - N -
T T Tond | R T S Y 2 | T | I T AR )
7& 74 72 I0D BB GBE B4 B2 BO B8 56 54 &2 50 23 21 19

8711 g.2 8.0
Spectrum 13: Hacac (acetylacetone CDCl;

Enol isomer: 5.50 (s, 1H, CH), 2.05 (s, 6H, 2x CHy)
Keto isomer: 3.60 (s, 2H, CHy), 2.25 (s, 6H, 2x CHy)

enol

o OH
Hg,c)ﬁ/kcm3 Hac)ggkw3
H H H
keto
enol keto L
Jt -

CDCl
oy Ly roop
o o o o
- o = w
T . T T T W P T T
&2 78 74 7.0 BE 52 58 54 50 46 432 38 34 in 25 22
CDCl;

Spectrum 14: Hmaa (methylacetylacetone
Keto isomer: 3.74 (s, 3H, OCHj3), 3.46 (s, 2H, CH,), 2.27 (s, 3H, CH5)

o OH o (0]
H CMCCH
H3C)\/LOCH3 5 <, 5 Keto
H
enol keto
CDCl3
o
| T
s 9 °
~ o~ o
e s — T T T T T —— T
8.0 76 72 68 G4 &0 56 52 48 44 40 36 32 28 24 20
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Spectrum 15: H,cat (catecha) CDCl;
6.91-6.87 (m, 2H, catH), 6.85-6.82 (m, 2H, catH), 5.16(sy,, 2H, OH)

CDCl;

HO H

HO H

[
i

g4 82 80 78 ‘76 74 T2 FO BA BE B4 B2 BO 58 56 54 52 50 48 46 44 42 40 38

Spectrum 16: Hznaph (naphthyldio) CDCl;

7.67-7.63 (m, 2H, naphH), 7.34-7.31 (m, 2H, naphH), 7.24 (s, 2H, naphH),
5.16(Spr, 2H, OH)

CDCl;

pg 4
HO H

Spectrum 17: H,biphen (bipheno) CDCly

7.35 (t, 2H, biphenH), 7.29 (d, 2H, biphenH), 7.11-7.03 (m, 4H, biphenH),
5.50 (Spr, 2H, OH)

CDCly H O H
HO H

201

201

T T T T T T
84 62 80 78 76 74 ¥2 70O 6B 66 B4 B2 6O &8 56 54 652 50 48 45 44 42 40 38
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Spectrum 18: H,binaph (binaphtho) CDCl;

8.00 (d, 2H, binaphH), 7.92 (d, 2H, binaphH), 7.41 (d, 2H, binaphH),
7.40 (t, 2H, binaphH), 7.33 (t, 2H, binaphH), 7.17 (d, 2H, binaphH), 5.06 (Sy, 2H, OH)

H H
H
CDCI3 OO
HO H
H H
N OO H
H H
H H
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N T
oo co o
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Spectrum 19: H,mbiphen (methylene-diphenpl CDCl;

7.29 (d, 2H, mbiphenH), 7.12 (t, 2H, mbiphenH), 6.91 (t, 2H, mbiphenH),
6.84 (d, 2H, mbiphenH), 6.75 (s, 2H, OH), 3.96 (s, 2H, CH,)

H H
CDCl3 HO liI|IF

Spectrum 20: H,mbinaph (methylene-dinaphthpl CDCl;

8.23 (d, 2H, mbinaphH), 7.79 (d, 2H, mbinaphH), 7.67 (d, 2H, mbinaphH),
7.46 (t, 2H, mbinaphH), 7.35 (t, 2H, mbinaphH), 7.07 (d, 2H, mbinaphH),
6.35 (Spr, 2H, OH), 4.83 (s, 2H, CHy)
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A.2 TETRAHEDRAL Ti(IV) COMPLEXES

Spectrum 21: [TiCp,(tfaa)] *ClO, [3]

Acetone-dg
Bis(;°-cyclopentadienyltrifluoroacetylacetonato-O,Otjtanium(IV) perchlorate

J¢ N
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Spectrum 22: [TiCp »(tfth)] *CIO,~ [4]
Bis(;°-cyclopentadienyljrifluorothenoylacetonato-O,Oft)tanium(IV) perchlorate

Acetone-dg
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an 88 86 8.4 82 80 78 78 74 72 70 58 X B4 5.2 =] 58

246



APPENDIX A

Acetone-dg

Spectrum 23: [TiCp (tffu)] *ClO,~ [5]
Bis(;°>-cyclopentadienyltrifluorofuroylacetonato-O,O%itanium(lV) perchlorate

Lo 1 b w o5 i o
=2 2 2w o
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a0 848 86 G4 g2 8.0 78 76 74 72 7.0 6.5 (35 G4 6.2 6.0 5.8
Acetone-dg

Spectrum 24: [TiCp ,(tfba)] *ClO,~ [6]
Bis(;°>-cyclopentadienyltrifluorobenzoylacetonato-O,Qftanium(lV) perchlorate
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Spectrum 25: [TiCp,(ba)]*ClO,” [7]
Bis(;>-cyclopentadienylbenzoylacetonato-O,Qfjanium(lV) perchlorate
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Spectrum 26: [TiCp »(thba)] *CIO,~ [8]
Bis(;>-cyclopentadienylithenoylbenzoylacetonato-O,@tanium(1V) perchlorate

Acetone-dg
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& TT PR T s &
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Spectrum 27: [TiCp.(dbm)] *ClO,~ [9] Acetone-dg

Bis(;°-cyclopentadienyljdibenzoylmethanato-O,Q@janium(IV) perchlorate
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Spectrum 28: [TiCp.(acac)] *ClO,” [10]
Bis(;°-cyclopentadienyljacetylacetonato-O,Of)tanium(lV) perchlorate
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Spectrum 29: [TiCp(maa)]*Clo,” [11] Acetone-dg
Bis(;°>-cyclopentadienylmethylacetylacetonato-O,@ifanium(lV) perchlorate
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Spectrum 30: TiCp,(biphen) [12] Acetone-dg
Bis(;°>-cyclopentadienyljbiphenolato-O,0%itanium(I1V)
a
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Spectrum 30a: TiCpa(biphen) [12] CDCl;
Bis(;°-cyclopentadienykbiphenyldiolato-O,0%itanium(IV)
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A.3 OCTAHEDRAL Ti(lV) COMPLEXES

CDClg

Spectrum 31: Ti(tfaa) .Cl, [13]
Bis(trifluoroacetylacetonato-O,Odichlorotitanium(1V)
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CDCl;
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Spectrum 32: Ti(hfaa) ,.Cl, [14] CDCl,4
Bis(hexafluoroacetylacetonato-O,dighlorotitanium(lV)
A
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Spectrum 33: Ti(tfth) ,Cl, [15] CDCl;
Bis(trifluorothenoylacetonato-O,Qdjchlorotitanium(1V)

CDCl;
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Spectrum 34: Ti(tffu) ,Cl, [16] CDCl,4
Bis(trifluorofuroylacetonato-O,Odichlorotitanium(lV)
CDCl;
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Spectrum 35: Ti(tfba) ,Cl, [17]

CDCl;
Bis(trifluorobenzoylacetonato-O,Qljchlorotitanium(lV)

A
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Spectrum 36: Ti(tfma) ,Cl, [18]

Bis(methyltrifluoroacetonato-O,Qdichlorotitanium(lV)

CDCl;

CH,(CHg)
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Spectrum 37: Ti(tfdma) ,Cl, [19] CDCl;
Bis(dimethyltrifluoroacetonato-O,Qdjchlorotitanium(lV)
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F3°[o} .
P
o/L\m
Fc—(: @
B
CH(CHa), CDCl,
_ JJL_
75 M o L il &
84 8‘2 EID 7‘8 7B 7I:1 FIZ 7ID BB BB 5‘4 EIZ E‘D EIB EIE 514 EIEI ZIB Z‘E Zld 2‘2 ZID 18 1B 1I:1 1I2 1ID
Spectrum 38: Ti(tftma) ,Cl, [20] CDCl;
Bis(trimethyltrifluoroacetonato-O,O8ichlorotitanium(lV)
C(CHg)3
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Spectrum 39: Ti(ba),Cl, [21] CDCl;
Bis(benzoylacetonato-O,@lichlorotitanium(IV)

CDCl; A
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Spectrum 40: Ti(dbm) ,Cl, [22] CDCl,4
Bis(dibenzoylmethanato-O,@ichlorotitanium(IV)
CDCls
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Spectrum 41: Ti(acac),Cl, [23] CDCl;
Bis(acetylacetonato-O,Odichlorotitanium(1V)
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Spectrum 42: Ti(tfaa) ;biphen [24]
Bis(trifluoroacetylacetonato-O,0") (biphenyldiola@ O")titanium(lV)
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Spectrum 43: Ti(hfaa) ;biphen [25] CDCl;
Bis(hexafluoroacetylacetonato-O,0') (biphenyldiol&,O")titanium(lV)
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Spectrum 44: Ti(tfth) ,biphen
Bis(trifluorothenoylacetonato-0O,0") (biphenyldiata®,O")titanium(lV)
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Spectrum 45: Ti(tffu) ,biphen [27]
Bis(trifluorofuroylacetonato-0O,0") (biphenyldiolatd,O")titanium(lV)

CDCl;

CDCls
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Spectrum 46: Ti(tfba) ;biphen [28]

CDCl;
Bis(trifluorobenzoylacetonato-O,0") (biphenyldiadaD,O")titanium(lV)
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Spectrum 47: Ti(tfma) ,biphen [29]

CDCl;
Bis(methyltrifluoroacetonato-O,0") (biphenyldiolaf O")titanium(lV)
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Spectrum 48: Ti(tfdma) ,biphen [30] CDCl;
Bis(dimethyltrifluoroacetonato-0O,0") (biphenylditdaO,O")titanium(lV)
CH(CHg),
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Spectrum 49: Ti(tftma) ,biphen [31] CDCl;

Bis(trimethyltrifluoroacetonato-0,0") (biphenyldaib-O,O")titanium(lV)

C(CHg)3

CDCl;

Spectrum 50: Ti(ba) ;biphen [32] CDCl;
Bis(benzoylacetonato-O,0") (biphenyldiolato-O f@@nium(lV)
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Spectrum 51: Ti(dbm) ,biphen [33] CDCl;
Bis(dibenzoylmethanato-O,0") (biphenyldiolato-Oi®anium(IV)

CDCls
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Spectrum 52: Ti(acac),cat [34] CDCl;
Bis(acetylacetonato-O,0") (benzyldiolato-O,@gnium(lV)
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Spectrum 53: Ti(acac) ;naph [35] CDCl;
Bis(acetylacetonato-O,0") (naphthyldiolato-O,@anium(lV)
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Spectrum 54: Ti(acac) .biphen [36] CDCl;
Bis(acetylacetonato-O,0'") (biphenyldiolato-O,@anium(1V)

CDCls
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Spectrum 55: Ti(acac) ;binaph [37] CDCl;
Bis(acetylacetonato-O,0'") (binaphthyldiolato-O,@anium(1V)
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CDCl;

Spectrum 57: Ti(acac) ,mbinaph [39]
Bis(acetylacetonato-O,0") (methylenebinaphthyldmi@,O")titanium(lV)

CDCl;
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Spectrum 58: Ti(tfaa) ,mbinaph  [40]
Bis(trifluoroacetylacetonato-O,0") (methylenebindptdiolato-O,O"titanium(lV)
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Spectrum 59: Ti(hfaa) ,mbinaph [41] CDCl;
Bis(hexafluoroacetylacetonato-O,0") (methylenebirtapldiolato-O,O"Yitanium(IV)
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“F NMR Spectra

B.1 LIGANDS

Spectrum 60: Hhfaa (hexafluoroacetylacetope CDCl;
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Spectrum 62: Htfma (trifluoromethylacetylacetone CDCl;
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Spectrum 63; Htfdma (trifluorodimethylacetylacetone CDCly
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Spectrum 64: Htftma (trifluorotrimethylacetylacetone CDCly
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Spectrum 65: Htfth (trifluorothenoylacetone CDCl;

-75.74

Spectrum 66: Htffu (trifluorofuroylacetong CDCly

Spectrum 67: Htfba (trifluorobenzoylacetone CDCly

263



APPENDIX B

B.2 OCTAHEDRAL Ti(IV) COMPLEXES

Spectrum 68: Ti(tfaa),Cl, [13] CDCl;
Bis(trifluoroacetylacetonato-O,Qdichlorotitatium(lV)
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Spectrum 69: Ti(hfaa).Cl, [14] CDCl;
Bis(hexafluoroacetylacetonato-O,dirhlorotitatium(lV)
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Spectrum 70: Ti(tfth),Cl, [15] CDCl;
Bis(trifluorothenoylacetonato-O,Qdjchlorotitatium(lV)

Htfth
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Spectrum 71: Ti(tffu),Cl, [16]
Bis(trifluorofuroylacetonato-O,Odichlorotitatium(lV)

Htffu
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Spectrum 72: Ti(tfba),Cl, [17] CDCl;
Bis(trifluorobenzoylacetonato-O,Qlijchlorotitatium(lV)
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Spectrum 73: Ti(tfma),Cl, [18] CDCl;
Bis(methyltrifluoroacetonato-O,Qdichlorotitatium(lV)
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Spectrum 74: Ti(tfdma),Cl, [19] CDCl;
Bis(dimethyltrifluoroacetonato-O,Qdjchlorotitatium(lV)
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Spectrum 75: Ti(tftma),Cl, [20] CDCl;
Bis(trimethyltrifluoroacetonato-O,Odichlorotitatium(lV)
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Spectrum 76: Ti(tfaa),biphen [24] CDCl;
Bis(trifluoroacetylacetonato-O,0") (biphenyldiolat O")titatium(IV)
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Spectrum 77: Ti(tfth),biphen [26] CDCl;
Bis(trifluorothenoylacetonato-O,0") (biphenyldiata®,O")titatium(IV)
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Spectrum 78: Ti(tffu),biphen [27] CDCl;
Bis(trifluorofuroylacetonato-0O,0") (biphenyldiolatd,O")titatium(IV)
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Spectrum 79: Ti(tfba),biphen [28] CDCl;
Bis(trifluorobenzoylacetonato-O,0") (biphenyldiaaD,O")titatium(IV)
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Spectrum 80: Ti(tfma),biphen [29] CDCl;
Bis(methyltrifluoroacetonato-0,0") (biphenyldiolaO")titatium(lV)
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Spectrum 81: Ti(tfdma),biphen [30] CDCl;
Bis(dimethyltrifluoroacetonato-0O,0") (biphenylditdaO,O")titatium(IV)

CH(CHa), Htfdma

\</<CH(CH3)2

T T T T T T T T 1
720 725 730 735 740 745 750 755 -7E.0 -T65 B ErrE -Tal

268



APPENDIX B

Spectrum 82: Ti(tftma),biphen [31] CDCl;
Bis(trimethyltrifluoroacetonato-0,0") (biphenyldatb-O,O"titatium(IV)

C(CH3)3 Htftma
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Cyclic Voltammetric Data

C.1 O,0'-DONOR LIGANDS

Table1 Cyclic voltammetric datavé. Fc/F¢) for aromatic*-diketones (18). Measured in 0.1 mol dfh
[NBu4][PFs]/CHCN on a glassy carbon working electrode at 25 [{{= 3.0 mmol dri?.

O OH

Hthba
y Epc AE, E® ipc ipalipe
mvs* mV mv mv HA
Hdbm: PhCOCH,COPh

100 -1934 71 -1899 51 0.21
200 -1942 82 -1901 75 0.28
300 -1952 98 -1903 94 0.32
500 -1967 123 -1906 124 0.35
1000 -1992 155 -1915 176 0.38
2000 -2027 222 -1916 244 0.40

Hthba: PhCOCH,COC,H5S

100 -1884 61 -1854 43 0.27
200 -1891 71 -1856 63 0.34
300 -1896 81 -1856 79 0.38
500 -1903 93 -1857 103 0.43
1000 -1914 110 -1859 147 0.51
2000 -1932 139 -1863 209 0.54

*Aromatic refers tB-diketones with two aromatic side groups.
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Table 2 Cyclic voltammetric datavé. Fc/F¢) for aliphatic*p-diketones (i). Measured in 0.1 mol din
[NBu4][PFs]/CHCN on a glassy carbon working electrode at 25 [ = 3.0 mmol dr.

o OH o] OH
CHs
CF3-B Hba
y Epc ipc )Y Epc ipc
mv s* mv HA mvV s™ mv HA
Hhfaa: CF3;COCH,COCF; Htfma: CF 3COCH,COCH,(CHy)
100 -1243 41 100 -1860 55
200 -1266 57 200 -1876 73
300 -1282 68 300 -1884 88
400 -1290 76 400 -1890 99
500 -1299 84 500 -1896 109
1000 -1331 113 1000 -1928 118
Htfth: CF ;COCH,COC,H3S Htfdma: CF ;COCH,COCH(CHjs),
100 -1541 53 100 -1872 42
200 -1551 76 200 -1883 60
300 -1560 93 300 -1898 71
400 -1566 108 400 -1906 82
500 -1572 121 500 -1914 89
1000 -1588 169 1000 -1935 123
Htffu: CF 3COCH,COC4H;0 Htftma: CF 3;COCH,COC(CHz3)3
100 -1544 44 100 -1889 42
200 -1557 63 200 -1900 60
300 -1569 76 300 -1907 71
400 -1577 87 400 -1917 81
500 -1587 97 500 -1925 87
1000 -1611 136 1000 -1937 128
Htfba: CF 3COCH,COPh Hba: CH3;COCH,COPh
100 -1564 60 100 -2138 56
200 -1576 85 200 -2160 77
300 -1585 104 300 -2173 92
400 -- -- 400 -2188 104
500 -1598 134 500 -2196 114
1000 -1598 186 1000 -2226 153
Htfaa: CF ;COCH,COCH; *Aliphatic refers top-diketones with either
two aliphatic side groups (pure aliphatic) or
100 -1851 41 one aliphatic and one aromatic side group
200 -1868 53 (mixed aliphatic).
300 -1878 64
400 -1888 75
500 -1896 81
1000 -1917 120
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Table3 Cyclic voltammetric datavé. Fc/F¢) for biphenol (Hbiphen). Measured in 0.1 mol dmn
[NBu4][PFs)/CHCN on a glassy carbon working electrode at 25 [#:biphen] = 3.0 mmol dift

OH HO

\ % Epc ipc
mv s™ mV MA

100 -1934 51

200 -1942 75

300 -1952 94
500 -1967 124
1000 -1992 176
2000 -2027 244

C.2 TETRAHEDRAL Ti(IV) COMPLEXES

Table4 cyclic voltammetric datav. Fc/F¢) for Cp.Ti(biphen). Measured in 0.1 mol din
[NBu4][PFs]/CH5CN on a glassy carbon working electrode at 25 Fli complex] = 2.0 mmol dr.

/
3 g
v Epc AE, E° ipc ipalipe
mvV s? mV mvV mvV MA
100 -1701% -- -- -- --
200 -1709 79 -1670 36 0.40
300 -1711 81 -1671 56 0.51
400 -1714 84 -1672 76 0.61
500 -1718 91 -1673 93 0.69
1000 -1727 110 -1673 160 0.86
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Table5 Cyclic voltammetric datavé. Fc/F¢) for [Cp,Ti(B)]'ClO,  complexes. Measured in 0.1 mol dm
[NBu4][PFs)/CHLCN on a glassy carbon working electrode at 25 ii.complex] = 2.0 mmol dr.

CF3- Series Ph - Series
v TiV/Ti" couple B-diketonanto reduction
mvs* Epec AE, = ipc ipalipe = e
mv mv mv HA mv HA
(a) CF3-Series

Cp,Ti(tfth)] © R = C4H5S
50 -652 67 -619 26 0.86 -1886 25
100 -656 75 -619 39 0.86 -1890 32
150 -661 77 -623 45 0.84 -1898 41
200 -663 85 -621 51 0.82 -1903 47
250 -666 85 -624 56 0.84 -1908 52

[Cp,Ti(tffu)] © R = C4H30
50 -655 67 -622 28 0.91 -1908 32
100 -659 70 -624 40 0.90 -1916 42
150 -661 73 -625 48 0.92 -1923 53
200 -664 79 -625 55 0.88 -1928 61
250 -666 81 -626 62 0.86 -1931 68

[Cp,Ti(ttba)] © R = CeHs
50 -657 72 -621 29 0.97 -1904 31
100 -661 76 -623 41 0.97 -1915 43
150 -666 83 -625 50 0.96 -1923 52
200 -666 87 -623 56 0.98 -1927 59
250 -671 90 -626 61 0.96 -1932 65

[Cp,Ti(tfaa)]© R =CHjs
50 -664 74 -627 30 0.95 -2143 22
100 -667 78 -628 41 0.95 -2162 33
150 -670 84 -628 50 0.96 -2177 40
200 -673 90 -628 59 0.96 -2185 47
250 -676 96 -628 67 0.97 -2194 53
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v Tivmi" couple B-diketonanto reduction
mv s* Epe AE, E® ipe ipalipe Epc inc
mV mV mV MA mV MA
(b) Ph-Series
[Cp,Ti(thba)] © R = C4H5S
50 - - - - - - -
100 -869 65 -836 40 0.87 -2305 26
150 -872 70 -837 50 0.87 -2309 36
200 -872 70 -837 58 0.87 -2314 41
250 -874 73 -838 65 0.87 -2317 48
[Cp.Ti(dbm)] © R = CgHs
50 -859 67 -825 29 0.87 -2099 28
100 -861 76 -823 41 0.90 -2110 41
150 -865 82 -824 50 0.96 -2118 50
200 -866 82 -825 58 0.96 -2125 60
250 -868 85 -826 64 0.98 -2130 68
[Cp.Ti(ba)]" R =CHs

50 -878 79 -839 29 1.00 -2295 24
100 -882 84 -840 40 1.00 -2306 40
150 -885 88 -841 a7 0.99 -2317 46
200 -887 92 -841 55 0.98 -2323 52
250 -889 96 -841 63 0.98 -2333 59
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C.3 OCTAHEDRAL Ti(IV) COMPLEXES

Table 6 Cyclic voltammetric datavé. Fc/F¢) for Ti(B),(biphen) complexes. Measured in 0.1 mol'dm
[NBu4][PFs)/CHCN on a glassy carbon working electrode at 25 [iG. complex] = 2.0 mmol dr.

F3C

R
v Epc AE, E® ipc ipalipe
mvV s? mV mVv mV MA
Ti(tfba) ,biphen R =C gHs
50 - - -- -- --
100 -991 63 -960 22 0.56
200 -996 75 -959 31 0.59
300 -1000 81 -960 37 0.60
400 -1006 89 -961 43 0.60
500 -1007 92 -961 47 0.60
Ti(tffu) ,biphen R = C 4H30
50 -1012 82 -971 17 0.62
100 -1012 83 -971 22 0.66
200 -1014 86 -971 32 0.69
300 -1019 97 -971 39 0.68
400 -1023 103 -972 44 0.67
500 -1027 109 -973 49 0.66
Ti(tfth) ,biphen R = C 4H3S
50 -1027 74 -990 14 0.85
100 -1028 76 -990 21 0.79
200 -1030 80 -990 28 0.79
300 -1032 83 -991 36 0.77
400 -1036 89 -992 40 0.77
500 -1039 93 -993 45 0.77
Ti(tfaa) ,.biphen R =CH 3
50 -1029 89 -985 15 0.66
100 -1030 91 -985 20 0.66
200 -1036 100 -986 26 0.65
300 -1040 107 -987 32 0.64
400 -1046 116 -988 35 0.62
500 -1048 122 -987 38 0.61
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v Epc AE, E” ipe ipalipe
mvV s? mvV mVv mV MA
Ti(tfma) ,biphe R = CH ,(CHj3)
50 -- - -- -- --
100 -1075 90 -1030 21 0.78
200 -1084 103 -1033 28 0.82
300 -1088 112 -1033 35 0.81
400 -1094 119 -1035 39 0.81
500 -1098 127 -1035 43 0.80
Ti(tfdma) ,biphen R = CH(CH j3),
50 - - - - -
100 -1076 91 -1031 19 0.60
200 -1083 102 -1032 26 0.60
300 -1091 114 -1034 31 0.60
400 -1099 124 -1037 39 0.59
500 -1104 132 -1038 53 0.58
Ti(tftma) ,biphen R = C(CH 3);3
50 -1107 88 -1063 13 0.66
100 -1108 91 -1063 19 0.65
200 -1116 104 -1064 27 0.62
300 -1121 112 -1064 33 0.60
400 -1130 123 -1068 38 0.59
500 -1133 129 -1069 43 0.56
Ti(acac) ,biphen R =CH 3
50 -1369 60 -1339 9 0.79
100 -1369 62 -1338 11 0.78
200 -1369 64 -1337 15 0.77
300 -1369 66 -1336 18 0.75
400 -1371 70 -1336 21 0.72
500 -1375 78 -1336 23 0.70
Ti(ba),biphen R =C gHs

50 -1386 86 -1343 11 0.94
100 -1387 86 -1344 16 0.94
200 -1393 102 -1344 23 0.96
300 -1401 111 -1346 30 0.95
400 -1408 121 1348 34 0.95
500 -1411 126 -1348 38 0.95
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Table7 Cyclic voltammetric datavé. Fc/F¢) for Ti(B),Cl,. Measured in 0.1 mol di{NBu,][PF)/
DCE on a glassy carbon working electrode at 25[¢complex] = 2.0 mmol dif.

R
F3c/<:o} el
N
o/‘\m
F3C\</,(<
R
v = AE, = ipc ipalipe
mv s* mVv mVv mV MA
Ti(tfba) ,Cl, R =CgHs
100 -418 140 -348 14 0.28
200 -427 159 -348 16 0.24
300 -429 162 -348 16 0.20
400 -441 180 -351 17 0.16
500 -448 189 -354 19 0.10
Ti(tfaa) ,Cl, R =CHj
100 -414 ‘ 102 | -363 16 0.29
Ti(dom),Cl, R = CgHs
100 -740 117 -682 22 0.71
200 -750 138 -682 27 0.70
300 -758 150 -683 33 0.69
400 -768 166 -685 36 0.66
500 -779 179 -689 41 0.63
1000 -796 207 -692 55 0.53
Ti(ba),Cl, R =CH,
100 -775 151 -700 21 0.85
200 -796 186 -703 30 0.83
300 -810 207 -707 34 0.83
400 -821 223 -710 36 0.82
500 -831 238 712 37 0.82
1000 -850 268 -716 48 0.81
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